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de Medicina, Universidad de Ca´diz, Ca´diz, SpainAbstract—The adult brain retains a considerable capacity to
functionally reorganize its circuits, which mainly relies on
the prevalence of three basic processes that confer plastic
potential: synaptic plasticity, plastic changes in intrinsic
excitability and, in certain central nervous system (CNS)
regions, also neurogenesis. Experimental models of periph-
eral nerve injury have provided a useful paradigm for study-
ing injury-induced mechanisms of central plasticity. In
particular, axotomy of somatic motoneurons triggers a
robust retrograde reaction in the CNS, characterized by
the expression of plastic changes aﬀecting motoneurons,
their synaptic inputs and surrounding glia. Axotomized
motoneurons undergo a reprograming of their gene expres-
sion and biosynthetic machineries which produce cell com-
ponents required for axonal regrowth and lead them to
resume a functionally dediﬀerentiated phenotype character-
ized by the removal of aﬀerent synaptic contacts, atrophy of
dendritic arbors and an enhanced somato-dendritic excit-
ability. Although experimental research has provided valu-
able clues to unravel many basic aspects of this central
response, we are still lacking detailed information on the
cellular/molecular mechanisms underlying its expression.
It becomes clear, however, that the state-switch must be
orchestrated by motoneuron-derived signals produced
under the direction of the re-activated growth program.
Our group has identiﬁed the highly reactive gas nitric oxide
(NO) as one of these signals, by providing robust evidence
for its key role to induce synapse elimination and increases
in intrinsic excitability following motor axon damage. Wehttp://dx.doi.org/10.1016/j.neuroscience.2014.08.021
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138have elucidated operational principles of the NO-triggered
downstream transduction pathways mediating each of these
changes. Our ﬁndings further demonstrate that de novo NO
synthesis is not only ‘‘necessary’’ but also ‘‘suﬃcient’’ to
promote the expression of at least some of the features that
reﬂect reversion toward a dediﬀerentiated state in axotom-
ized adult motoneurons.
This article is part of a Special Issue entitled: Brain
Compensation. For Good?  2014 The Authors. Published
by Elsevier Ltd. on behalf of IBRO. This is an open access
article under the CC BY-NC-ND license (http://creativecom-
mons.org/licenses/by-nc-nd/3.0/).
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The adult central nervous system (CNS) retains a
considerable degree of plasticity that allows neuronalmons.org/licenses/by-nc-nd/3.0/).
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information-processing ability to adapt to the constantly
changing contingencies of the external and internal
environments. This plastic potential of the adult brain is
mainly a consequence of the inherent ability of neuronal
circuits to remodel their connectivity patterns (synaptic
plasticity), modify the intrinsic excitability of their
signaling units, and, in some CNS regions, incorporate
newly generated neurons into pre-existing circuits
(Buonomano and Merzenich, 1998; Gonza´lez-Forero
et al., 2004a; Schulz, 2006; Holtmaat and Svoboda,
2009; Ming and Song, 2011). Changes in behavioral
activity patterns, alterations in environmental experience,
and neural damage have been recognized as potent driv-
ers for the expression of CNS plasticity. Much of our
knowledge in this regard stems from studies using animal
models of peripheral nerve injury. Transection of periphe-
ral sensory, autonomic, or motor axons in adulthood is fol-
lowed by a characteristic retrograde response at the cell
body level, which recruits the cell machinery required for
axon regrowth (Lieberman, 1971; Purves, 1986; Titmus
and Faber, 1990; Kreutzberg, 1995; Hanz and
Fainzilber, 2006; Navarro et al., 2007). This process
involves a concurrent cascade of cellular and molecular
events that ends, in many cases, with the complete
re-innervation of the sensory, muscular, or glandular
target. Although many aspects of this retrograde reaction
are common regardless of the type of peripheral ﬁber
damaged, the repertoire of eﬀects and the complexity
of the response may substantially vary depending on
whether the parent cell bodies reside in a peripheral
ganglion or in the CNS.
Somatic motoneurons are large multipolar neurons
with cell bodies located in the brainstem and spinal cord
and extending their axons along peripheral nerves.
Axotomy of somatic motoneurons induces a robust
retrograde response in a CNS environment that
progresses throughout plastic changes, aﬀecting not
only motoneurons but also their aﬀerent inputs and
surrounding glial cells (Lieberman, 1971; Titmus and
Faber, 1990; Kreutzberg, 1995; Moreno-Lopez and
Gonza´lez-Forero, 2006; Navarro et al., 2007; Moreno-
Lopez et al., 2011). The extent, locus of expression,
and reversibility of changes have attracted interest in this
injury model for its potential to reveal the nature of under-
lying mechanisms of plasticity that could be common to
many other processes involving structural and functional
remodeling of adult CNS pathways. The electrophysiolog-
ical, morphological, and molecular changes associated
with the cell body reaction to axotomy in motoneurons
have been studied for more than half a century, in a num-
ber of diﬀerent motor nuclei (for recent reviews see
Moreno-Lopez and Gonza´lez-Forero, 2006; Navarro
et al., 2007; Moreno-Lopez et al., 2011). Axotomized
motoneurons undergo a dramatic shift in their pattern of
protein expression, turning on molecular programs that
lead to the removal of a large number of synaptic inputs,
dendritic atrophy, enhanced intrinsic excitability, and
increased capacity for axonal regrowth. In this regard,
the phenotype of an axotomized adult motoneuron bears
some resemblance to that displayed by embryonicmotoneurons (i.e., highly excitable neurons, with a
reduced receptive surface, electrotonically compact and
disconnected from their aﬀerences and targets). There-
fore, it is usually assumed that progression of the cell
body reaction represents a functional dediﬀerentiation
that recapitulates (at least to some extent) the molecular
and cellular processes prevalent in motoneurons during
their early development. The state-switch undergone by
axotomized motoneurons obviously requires reprogram-
ing of gene expression and re-specifying the priority func-
tions of the biosynthetic machinery to adapt them to the
new conditions. So far, the available evidence seems to
converge on the idea that the regeneration program is pri-
marily triggered by factors extrinsic to the lesioned moto-
neuron, including the loss of target-derived trophic factors
and positive injury signals derived from non-neuronal cells
at the site of injury (Purves, 1986; de la Cruz et al., 1996;
Gonza´lez-Forero et al., 2004b; Abe and Cavalli, 2008;
Rishal and Fainzilber, 2010). Likewise, there is general
consensus that all the changes induced by axotomy in a
motor nucleus must be induced by signals produced
within the lesioned motoneurons themselves. Our knowl-
edge about the identity and role of these presumed signal-
ing pathways is, however, surprisingly sketchy.
Consequently, we also lack a detailed understanding of
the bridge that must exist between genetic reprograming
of the cell after injury and activation of the eﬀector mech-
anisms responsible for shifting the status of motoneurons
from operational to regenerative mode. Finally, for many
of the axotomy-induced alterations, the precise eﬀector
mechanisms and their more direct causal factors also
remain unknown.
This review aims to contribute to a better
understanding of the plastic changes that occur within a
motor nucleus as part of the retrograde reaction induced
by axonal damage in adult motoneurons, with a focus
on the aspects of this response that aﬀect intrinsic
membrane properties and stability of aﬀerent synaptic
inputs. We devote special attention to the current
knowledge about the signaling pathways and molecular
mechanisms that govern the expression of these
changes. In the second part of the review, we emphasize
the role of nitric oxide (NO), synthesized de novo by
axonally damaged motoneurons, as a key signaling
molecule required to promote some of the components of
the axotomy-induced retrograde reaction.
TRAUMATIC INJURY OF A PERIPHERAL
NERVE AS MODEL FOR THE INDUCTION OF
PLASTICITY IN THE MATURE CNS
Until a few decades ago, the prevailing scientiﬁc belief
was that following a critical period of exacerbated
plasticity required to elaborate neuronal connectivity
patterns during early development, the brain becomes a
hardwired system with a very restricted or null ability to
modify its functional and morphological architecture in
response to changing environmental demands (for a
historical review, see DeFelipe, 2006; Berlucchi and
Buchtel, 2009). Since then, a growing body of evidence
has been collected to demonstrate that the mature CNS
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radically changing the view of the adult brain as a static
organ. It is now accepted that neural plasticity extends
beyond development and is an inherent feature of adult
brain function. Its prevalence throughout life allows neuro-
nal circuits to make changes in their information-process-
ing capabilities to adapt to new experiences during
learning or to compensate for the functional disruption
caused by disease or injury (Buonomano and
Merzenich, 1998; Chen et al., 2002; Doyon and Benali,
2005; Barnes and Finnerty, 2010; Xerri, 2012). In this
context, brain lesions represent potent stimuli to promote
functional reorganization in the mature CNS. Central
damage caused by stroke, trauma, or neurodegeneration
usually entails disruption of neural circuits as a direct
result of the loss of both synaptic connections and neu-
rons. The immediate consequence is a variable degree
of impairment in sensorial, motor, and/or cognitive brain
functions, which triggers a state of exacerbated plasticity.
Occasionally, this may help to partially restore the lost
functions, redistribute them to undamaged CNS areas,
or compensate for their loss (Chen et al., 2002; Elbert
and Rockstroh, 2004; Xerri, 2012; Overman and
Carmichael, 2014). Interestingly, these transient
increases in central plasticity are not only triggered by
lesions directly inﬂicted to CNS pathways, but are also
expressed following peripheral nervous system (PNS)
injuries. Perhaps the most obvious and intriguing exam-
ples of the latter are those associated with prolonged or
permanent loss of peripheral sensory or motor end
organs, a condition quite common among limb amputees
or in people undergoing irreversible loss of one sensory
modality (Buonomano and Merzenich, 1998;
Ramachandran and Hirstein, 1998; Kujala et al., 2000;
Chen et al., 2002; Elbert and Rockstroh, 2004). Observa-
tions from animal and human studies have shown that this
kind of lesions may promote large-scale reorganizations
both at cortical and subcortical levels that involve sprout-
ing of new connections and unmasking of pre-existing
silent synapses between damaged and functionally
related intact circuits. Apparently, this lesion-induced
restructuring is accomplished by an activity-dependent
mechanism inﬂuenced by the ongoing changes in activity
that result from disuse of lesioned pathways and use of
alternative neural pathways. This would provide a drive
to yield new patterns of connectivity and, consequently,
a new topographic representation of the sensory-motor
periphery in the brain (Buonomano and Merzenich,
1998; Kaas et al., 1999; Jones, 2000).
So far, we have referred to severe lesions that cause
loss of both peripheral nerve segments and their terminal
organs. In clinical practice, however, traumatic injuries
that aﬀect peripheral ﬁbers and surrounding tissues but
respect the integrity of their peripheral sensory and
motor ﬁelds are much more common. Stretch-related
injuries, lacerations, or compressions may damage
peripheral axons without ablation of their targets. In
these cases, the entire distal portions of the aﬀected
axons are disconnected from the neuronal bodies and
undergo a process known as anterograde or Wallerian
degeneration (Gaudet et al., 2011; Wang et al., 2012).Immature neurons usually do not survive this injury-
induced disconnection from their peripheral targets
(Kashihara et al., 1987; Lowrie and Vrbova´, 1992;
Rossiter et al., 1996). Survival of adult neurons is less
compromised, although they may die if the injury is too
close to the cell body or regeneration is prevented
(Kawamura and Dyck, 1981; Ygge, 1989; To¨rnqvist and
Aldskogius, 1994; Koliatsos et al., 1994; Martin et al.,
1999). Unlike CNS axons, peripheral nerve ﬁbers have
the ability to regenerate and re-innervate their original tar-
get tissues because they reside in an environment that is
permissive for axonal regrowth and indeed activate their
intrinsic growth capacity (Chen et al., 2007; Huebner
and Strittmatter, 2009; Brosius Lutz and Barres, 2014).
However, although in principle the recovery of lost sen-
sory, motor, or autonomic function is possible, the suc-
cess of the regenerative response may be dramatically
reduced by factors such as the degree of severity, type
and proximity of lesion to the cell bodies, developmental
stage, or the distance over which axons must re-grow to
reach their native targets (Hall, 1989; Johnson et al.,
2005; Li et al., 2014). Generally, spontaneous regenera-
tion is quite successful and the chances for target
re-innervation and functional recovery are elevated when
axons become interrupted by compression or stretch but
their encapsulating connective tissues are structurally
preserved. In contrast, axonal regrowth may be severely
compromised after nerve transection or avulsion. Under
these conditions, the accumulation of ﬁbrotic scar tissue
at the site of injury presents a physical obstacle for regen-
erating axons. Likewise, complete disruption of the con-
nective sheaths in the distal stump of the injured nerve
involves the loss of a structural and molecular guide that
otherwise would instruct and support axonal regeneration
(Dagum, 1998; Nguyen et al., 2002).
Besides the regenerative and degenerative responses
initiated locally at the site of injury in severed axons,
axotomy of peripheral ﬁbers leads to a characteristic
retrograde reaction that proximally aﬀects cell bodies,
dendrites, and surrounding environment of the lesioned
neurons (Lieberman, 1971; Bishop, 1982; Kreutzberg,
1995; Hanz and Fainzilber, 2006). Somatic motoneurons,
like other peripheral neurons, extend their axons through
the PNS to reach their target organs, but unlike primary
sensory or postganglionic autonomic neurons, their cell
bodies reside in the CNS. Consequently, the several com-
ponents of this retrograde reaction are relegated to the
motor pools within the brainstem or spinal cord and their
eﬀects are centrally expressed. Probably for this reason,
the axotomy of motor ﬁbers oﬀers an especially attractive
model for the study of injury-induced mechanisms of cen-
tral plasticity. A great deal of information is now available
regarding the many diﬀerent aspects of this retrograde
response in motoneurons (Fig. 1). At the morphological
level, the most consistent alterations found in the cell
bodies of axotomized motoneurons are dispersion of Nissl
granules and rough endoplasmic reticulum (a process
called chromatolysis), nuclear and nucleolar hypertrophy,
nuclear eccentricity, retraction of the dendritic arboriza-
tion, and a marked loss of synaptic boutons on their mem-
branes (Lieberman, 1971; Sumner, 1975; Chen, 1978;
Fig. 1. Schematic drawings illustrating the signaling mechanisms that regulate gene program expression and functional phenotype in intact and
axotomized adult motoneurons. (A) Expression and maintenance of a functionally diﬀerentiated phenotype in mature motoneurons is dependent on
the continuous supply of muscle-derived trophic factors (red dots). Target-derived signals are retrogradely transported back to the cell body, where
they stimulate the expression of the trophic program (red solid line with arrowhead) and act as negative cues for the expression of regeneration-
associated genes by repressing the intrinsic growth activity (red solid line with bar). Activation of the trophic program, in turn, results in the
production of stabilizing factors critical to preserve a mature neuronal phenotype (red dashed and dotted lines with arrowheads). These homeostatic
signals generated in the motoneuron provide support to stabilize dendritic arborizations (dashed-dotted) and aﬀerent synaptic inputs (short dashed)
and also to maintain intrinsic membrane properties (dotted), axonal conduction (long-dashed) and metabolic processes of relevance for electrical
and chemical signaling. (B) Axotomy of motor ﬁbers interrupts the normal supply of retrogradely transported trophic factors from the muscle and
thereby releases the transcriptional repression of growth-associated genes. Regenerative capacity is indeed stimulated by the arrival of activating
retrograde signals (green solid line with arrowhead) arising from post-translational modiﬁcations of axoplasmic proteins at the site of lesion. These
positive injury signals are produced in response to cytokines and growth factors released by non-neuronal cells (green dots). The arrested synthesis
of maintenance factors has a detrimental eﬀect on mechanisms regulating intrinsic excitability, ion channel and receptor expression and targeting,
expression of proteins involved in neurotransmitter metabolism or stability of dendritic arborizations, and aﬀerent synaptic contacts. Reversal toward
a partially dediﬀerentiated phenotype allows the metabolic machinery to concentrate its activity on the synthesis of new cellular components
required to repair the injured axonal membrane and promote axonal regeneration (green long-dashed line with arrowhead). Reprograming of the cell
machinery also induces the production of motoneuron-derived signals involved in an active process of synapse disassembly (green short-dashed
lines with arrowheads) and possibly also of intercellular messengers that stimulate glial reactivity (green dotted lines with arrowheads). Bottom left
traces in A and B are schematic drawings of excitatory postsynaptic potentials (EPSPs) and inhibitory postsynaptic potentials (IPSPs) evoked by
electrical stimulation of aﬀerent inputs. Axotomized motoneurons exhibit strongly attenuated synaptic responses with prolonged rising phases,
which correlates with the loss of a large proportion of synaptic inputs at proximal somato-dendritic membranes. Bottom right traces in each panel
depict a drawing of superimposed subthreshold voltage responses to a series of current pulses. In comparison to intact motoneurons, axotomized
cells have much higher RN and longer membrane time constants, which result from the reduced cell capacitance (decreased cell size and retraction
of dendritic arbors) and increased speciﬁc membrane resistivity. The changes reﬂected in the amplitude and kinetics of the responses are based on
data reported in the scientiﬁc literature. For more details see the ﬁrst four sections of the main text.
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Kreutzberg, 1995). In the vicinity of the aﬀected motoneu-
rons, injury stimulates an intense glial reaction marked by
the activation and proliferation of perineural microglia and
astrocytes, which extend their processes to cover wide
regions of the denervated neuronal membrane
(Blinzinger and Kreutzberg, 1968; Chen, 1978; Reisert
et al., 1984). Concurrent with these morphological
changes, axotomized motoneurons exhibit a characteris-
tic repertoire of physiological alterations (described in
more detail in the following sections), of which the most
remarkable are an increased intrinsic excitability and a
robust attenuation of the synaptic responses attributable
to the injury-induced detachment of synaptic inputs.
It is generally accepted that the nuclear and
chromatolytic changes observed in lesioned neurons
represent a reprograming of the biosynthetic apparatus
aimed to stimulate metabolic pathways of relevance for
survival and regeneration. This notion implies that the
cellular machinery must shift from an ‘‘operational’’ to a
‘‘regenerative’’ state. The synthesis of cellular
components required to promote repair of the injured
axonal membrane, remyelination, and axonal growth
would be favored at the expense of a detrimental eﬀect
on mechanisms more directly associated with the
reception and integration of synaptic inputs, ﬁring coding,
or neurotransmitter release. The ‘‘reversion’’ toward a
growing phenotype in axotomized adult motoneurons
necessarily implies an altered pattern of gene and
protein expression, driven mainly by anabolic processes
that increase the synthesis and total content of both
mRNA and proteins (Lieberman, 1971; Watson, 1974;
Fu and Gordon, 1997). This response characteristically
entails downregulation of certain cellular components,
upregulation of others, and even the synthesis of some
molecules normally not expressed in adult motoneurons.
Thus, while the expression of many proteins involved in
neurotransmitter synthesis, packaging, or release – such
as choline acetyl-transferase (ChAT), vesicular acetylcho-
line transporter (VAChT) or the vesicle-associated mem-
brane protein isoform 1 (VAMP-1) – is reduced in
axotomized motoneurons, several other cytoskeletal,
growth- and survival-associated proteins are strongly
upregulated, such as Galectin-1, SCG10, CAP-23, tubu-
lins, kinesin light chains, dynein and certain neurotrophin
and cytokine receptors (Leah et al., 1991; Rende et al.,
1995; Kobayashi et al., 1996; Fu and Gordon, 1997;
Matsuura et al., 1997; Su et al., 1997; Jacobsson et al.,
1998; Fernandes et al., 1999; MacLennan et al., 1999;
Hammarberg et al., 2000; Tanabe et al., 2000; Mason
et al., 2002; Akazawa et al., 2004; Maeda et al., 2004;
McGraw et al., 2004; Zujovic et al., 2005). Finally, periph-
eral lesion of motor axons induces de novo expression of
several proteins that are transiently expressed during
early development but virtually undetectable in adult moto-
neurons, such as growth-associated protein 43 (GAP-43),
neuronal NO synthase (nNOS), low-aﬃnity p75 nerve
growth factor (NGF) receptor or the neuropeptides gala-
nin, somatostatin and vasoactive intestinal peptide (VIP)
(Zhang et al., 1993; Palacios et al., 1994; Friedman
et al., 1995; Sunico et al., 2005).As detailed in this review, our research has examined
the role of NO synthesized via nNOS as a signaling
molecule to trigger and maintain some of the changes
exhibited by axotomized motoneurons. This proﬁle of
protein expression is mainly the result of quantitative
and qualitative changes in the transcriptional activity
induced by dysregulation in the function and/or
expression of several transcription factors. Thus,
axotomy in motoneurons induces rapid activation by
phosphorylation of STAT3 and c-jun and activation by
acetylation of the tumor suppressor p53, as well as
upregulation in the expression of STAT-3 and several
members of the Smad, AP-1 and ATF/CREB families of
transcription factors, including ATF-3 and the immediate
early genes c-jun, junB and junD (Jenkins and Hunt,
1991; Herdegen et al., 1992; Haas et al., 1993; Lund
et al., 1996; Haas et al., 1999; Tsujino et al., 2000;
Kirsch et al., 2003; Lee et al., 2004; Raivich et al., 2004;
Okuyama et al., 2007; Tedeschi et al., 2009; Yuan
et al., 2010b; Ruﬀ et al., 2012; Nagata et al., 2014).
Although little is known about the speciﬁc role ‘assigned’
to each of these transcription factors in the context of cel-
lular response to axonal injury, it seems reasonable to
assume that they play a crucial role in activating the intrin-
sic growth program of the neuron. Modiﬁcations in
expression and activity of these transcription factors
would result in the gene expression pattern characteristic
of axotomized motoneurons.
Most, although not all (for details, see the following
sections), of the axotomy-induced changes are fully
reversible. When the injured axons are able to
eﬀectively regenerate and re-establish connections with
their peripheral targets, motoneurons slowly recover the
morphological, physiological, metabolic, and molecular
properties characteristic of a phenotypically diﬀerentiated
and mature motoneuron (Kuno et al., 1974b; Foehring
et al., 1986a,b; Leah et al., 1991; Bra¨nnstro¨m et al.,
1992; Bra¨nnstro¨m and Kellerth, 1999; Mason et al., 2002;
Gonza´lez-Forero et al., 2004a,b; Maeda et al., 2004;
Bichler et al., 2007a).
A key question is: what is the nature of signals that
stimulate the regenerative program? Two diﬀerent, and
not mutually exclusive, hypotheses have emerged, each
supported by several lines of experimental evidence.
The ﬁrst and most classical hypothesis establishes that
intrinsic growth activity in a diﬀerentiated neuron is a
latent program repressed by target-derived signals
acting as negative cues for the expression of
regeneration-associated genes (Fig. 1A). The
continuous supply of target-derived signals from axon
terminals to the cell body would indeed promote the
expression of what could be called the trophic program,
critical for the expression and maintenance of the
neuronal phenotype in adulthood (Kuno, 1990; Titmus
and Faber, 1990; Lowrie and Vrbova´, 1992; de la Cruz
et al., 1996; Gonza´lez-Forero et al., 2004a; Navarro
et al., 2007). Consequently, conditions that interrupt the
normal supply of these retrogradely transported ongoing
homeostatic signals – such as axotomy – would pro-
foundly aﬀect neuronal properties, inducing a morpho-
functional dediﬀerentiation toward an embryonic or early
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changes in metabolism, morphology, complexity of den-
dritic arborizations, intrinsic membrane properties, syn-
thesis of transmitters and receptors, ion channel
expression, and stability of aﬀerent synaptic inputs
(Fig. 1B; Purves, 1986; de la Cruz et al., 1996;
Gonza´lez-Forero et al., 2004a). The experimental support
for this idea is based on two ﬁndings: the restorative
eﬀects of target re-innervation or exogenously adminis-
tered trophic factors on neuronal properties following
axotomy (discussed in following sections) and the remark-
able resemblance between the cellular changes induced
by axonal injury and those resulting from functional dis-
connection with the target, without direct axonal damage.
For example, the immediate early gene c-jun, a transcrip-
tion factor thought to be crucial for activating the regener-
ative program, is induced in motoneurons not only by
nerve crush or transection, but also by blockade of retro-
grade axoplasmic transport with colchicine or vinblastine
(Leah et al., 1991; Raivich et al., 2004; Hanz and
Fainzilber, 2006).
The second hypothesis holds that an important
mechanism to sense injury and stimulate the
regenerative program is the de novo appearance of
activated or modiﬁed proteins produced locally at the
injury site in response to positive injury signals derived
from non-neuronal cells (Fig. 1B; Abe and Cavalli, 2008;
Rishal and Fainzilber, 2010). To inform the nerve cell
body of the traumatic event, these external factors (i.e.,
cytokines and growth factors), acting via receptor com-
plexes, would stimulate the transduction signaling path-
ways responsible for the activation/modiﬁcation of
several retrograde signaling molecules. The arrival of acti-
vating retrograde signals from the injured axons would
contribute to altering the transcriptional activity and
increase the growth capacity of the neuron. Various can-
didate retrograde intracellular messengers have been
identiﬁed in peripherally axotomized neurons, including
the member of the signal transducer and activator of tran-
scription STAT3 and kinases such as c-jun N-terminal
kinases (JNKs), extracellular-signal-regulated kinase
(ERK), or the serine/threonine protein kinase Akt, all of
them activated by phosphorylation within hours after axo-
nal injury (Haas et al., 1999; Kirsch et al., 2003; Lee et al.,
2004; Abe and Cavalli, 2008; Rishal and Fainzilber, 2010;
Zigmond, 2012). The relatively short time lapse required
for the early expression of some components of the
regenerative response after injury is consistent with the
operation of this rapid signaling mechanism. Although
the coexistence of two diﬀerent injury-signaling mecha-
nisms may seem redundant, there might be a comple-
mentary eﬀect, with each providing the cell body distinct
and essential information on the nature of the damage,
its distance from the soma, status of the axon, or degree
of eﬀerent innervation of peripheral targets. The combina-
tion of signals working in a concerted fashion could pre-
sumably allow encoding precise information about the
type of damage inﬂicted to the nerve so that an appropri-
ate response can be generated. Diﬀerences in the magni-
tude and quality of the cellular changes induced under
diﬀerent experimental paradigms (i.e., nerve avulsion,nerve transection, nerve crush, target ablation, chemo-
denervation, or axonal transport blockade) probably arise
as a consequence of the variable and complex balance
between positive and negative injury signals arriving to
the cell body.
CHANGES IN INTRINSIC EXCITABILITY OF
MOTONEURONS FOLLOWING AXONAL
DAMAGE
The retrograde reaction following traumatic injury of motor
axons profoundly aﬀects the intrinsic membrane
properties and excitability of motoneurons. Most of
these electrical changes are common regardless of the
stage of postnatal development (i.e., early postnatal vs
adult motoneurons) and their range of eﬀects is broad,
aﬀecting both passive and active membrane properties.
Axotomy-induced changes in electrical properties are
similar in spinal and cranial motoneurons (Eccles et al.,
1958; Heyer and Llina´s, 1977; Gustaﬀson, 1979; Takata
et al., 1980; Nishimura et al., 1992) and collectively tend
to increase membrane excitability and facilitate ﬁring
activity in response to current ﬂowing across the mem-
brane. A currently accepted view that emerged from pio-
neering studies is that these electrophysiological
changes are part of a general response to target discon-
nection that leads axotomized motoneurons to resume a
dediﬀerentiated immature phenotype (Kuno et al.,
1974a; Gustaﬀson and Pinter, 1984; Yamui et al.,
1992). Consistent with this notion, rheobase current –
and consequently, the current threshold (Ith) for discharge
– decrease, while the membrane’s time constant and
input resistance (RN) increase (Fig. 1). Likewise, the gain
(slope) of the ﬁring rate vs input current is steepest in axo-
tomized motoneurons and becomes monotonic in con-
trast to nonlesioned motoneurons, which present two or
three slope regions along their ﬁring frequency range.
These alterations result, at least in part, from the
decreased cell size and retraction of dendritic arbors,
which reduces cell capacitance, and from the reduced
background leak conductance, which enhances speciﬁc
membrane resistivity in axotomized motoneurons
(Gustaﬀson and Pinter, 1984; Titmus and Faber, 1990;
Gonza´lez-Forero et al., 2007). As a result, electrophysio-
logical features of axotomized motoneurons are also
linked to changes in the expression, function, density,
and surface distribution of certain leak- and voltage-gated
ion channels. Thus, resting leak potassium currents and
voltage-gated sodium channels (Nav1.1) are both down-
regulated after axotomy, whereas Nav1.3, a voltage-
gated sodium channel subunit, expressed abundantly
during embryonic development, is re-expressed in
lesioned motoneurons (Iwahashi et al., 1994; Patko
et al., 2003; Gonza´lez-Forero et al., 2007). Concomitant
with their changes in expression and composition, volt-
age-gated sodium channels are spatially redistributed to
adopt aberrant locations on the dendritic membrane,
which gives rise to the appearance of anomalous dendritic
electrogenesis (Eccles et al., 1958; Kuno and Llina´s,
1970b; Sernagor et al., 1986). Targeting of sodium
channels to the dendritic membrane could indicate the
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nently axotomized motoneurons may develop new pro-
cesses emanating from the tips of distal dendrites with
molecular and structural characteristics that most closely
resemble axons (Rose et al., 2001; Meehan et al., 2011).
Peripheral nerve injury also induces declustering of
somato-dendritic voltage-gated potassium channels
(Kv2.1), which under normal conditions are locally aggre-
gated at speciﬁc post-synaptic sites in motoneurons
(Romer et al., 2014). Other alterations observed in axo-
tomized motoneurons include a narrowing of the range
of durations along with a slower decay of the afterhyper-
polarization, which are consistent with downregulation of
the small-conductance Ca2+-sensitive potassium channel
subunit, SK2 (Kuno et al., 1974a; Gustaﬀson, 1979;
Nishimura et al., 1992; Pakto et al., 2003), and re-estab-
lishment of gap junctional coupling among lesioned cells
(Chang et al., 2000; Chang and Balice-Gordon, 2000),
features that, again, are more characteristic of motoneu-
rons in embryonic or early postnatal stages of development.
The enhanced responsiveness of axonally damaged
motoneurons enables profound changes in the
recruitment scheme and threshold distribution across
the lesioned motor pool, by expanding the recruitment
range toward lower thresholds and increasing the
proportion of early-recruited units. As reported by our
group, these alterations have a determinant inﬂuence on
the overall discharge activity and motor output in vivo
under physiological patterns of aﬀerent synaptic drive
(Gonza´lez-Forero et al., 2004b).
Despite their enhanced somato-dendritic excitability,
impulse conduction along the anatomically intact
proximal segments of the injured motor axons is usually
impaired. The pioneering study by Eccles et al. ﬁrst
demonstrated that motor nerve axotomy resulted in an
abnormally low safety factor for the axonal propagation of
action potentials (Eccles et al., 1958). Generally, axonal
damage becomes functionally apparent as a slowed con-
duction velocity or even as a complete failure of conduction
(Mendell et al., 1976; Milner and Stein, 1981; Foehring
et al., 1986a). These eﬀects have been interpreted as
due to the shortening of internodal segments and to decre-
ments in both axonal diameter and thickness of the myelin
sheaths (Hoﬀman et al., 1987; Titmus and Faber, 1990).
Although axonal injury is usually the stimulus that
precedes the onset of all these electrical changes in
motoneurons, there is compelling evidence that they are
primarily induced by the loss of connectivity with their
postsynaptic target muscles (for a review, see Titmus
and Faber, 1990; Gonza´lez-Forero et al., 2004a;
Navarro et al., 2007). The prevalent idea is that mainte-
nance of the functional phenotype of motoneurons is
strongly dependent on the continuous supply of muscle-
derived trophic factors. This notion has been particularly
strengthened by two sets of observations. First, axot-
omy-like changes in intrinsic membrane properties of
motoneurons may be elicited under other experimental
manipulations that impair functional interaction with their
muscle target but without direct axonal damage, such
as chronic blockade of the neuromuscular transmission
with either botulinum neurotoxin or bungarotoxin (Pinteret al., 1991; Pastor et al., 2003; Nakanishi et al., 2005).
Second, most of the electrical alterations induced by axo-
nal injury in motoneurons, although not all (Romer et al.,
2014), are usually reverted by re-innervation of their naive
muscle, either targeted or following spontaneous regener-
ation of motor axons (Kuno et al., 1974b; Foehring et al.,
1986a,b; Gonza´lez-Forero et al., 2004b; Bichler et al.,
2007a). Rather, recovery may occur even when motoneu-
rons are experimentally forced to innervate de novo a for-
eign target (Foehring et al., 1987; Foehring and Munson,
1990; Nishimura et al., 1991). It is reasonable, therefore,
to assume that there must exist a causal link connecting
deprivation of muscle-derived trophic-support to the eﬀec-
tor pathways responsible for this marked increase in
excitability. Our group has been trying to elucidate the
nature and operational principles of some of these cellular
mechanisms, in particular of those initiated and sustained
by the chronic synthesis of NO in axotomized motoneu-
rons. As pointed out in the previous section, nNOS is
one of the proteins whose expression is induced de novo
by axonal injury in motoneurons. There are three lines of
evidence to suggest that nNOS induction is triggered by
the loss of trophic support from the muscle. First, the time
course of NO production in axotomized motoneurons clo-
sely parallels that required for muscle re-innervation (Yu,
1997; Sunico et al., 2005; Moreno-Lopez, 2010). Second,
functional disconnection from the muscle with botulinum
neurotoxin induces axotomy-like functional alterations
and NOS activity in its innervating motoneurons
(Moreno-Lopez et al., 1994, 1997; Mariotti and
Bentivoglio, 1996). Finally, exogenous administration of
GDNF and/or BDNF, two neurotrophic factors normally
produced by skeletal muscles, suppresses nNOS expres-
sion in motoneurons after axonal damage (Chai et al.,
1999; Wu et al., 2003; Zhou and Wu, 2006). In our study,
we observed a striking relationship between sustained
NO signaling and intrinsic excitability. The reduced back-
ground leak conductance exhibited by axotomized moto-
neurons was attributable, at least in part, to the
downregulation of TWIK-related acid-sensitive (TASK)-
like pH-sensitive K+ currents (Gonza´lez-Forero et al.,
2007). Together, these data exemplify how trophic signals
from muscle control the transcriptional machinery, the
intracellular signaling pathways triggered by the products
of this activity, and ultimately the electrical phenotype of
motoneurons. In conclusion, the expression of a function-
ally diﬀerentiated phenotype in mature motoneurons
requires functional contact with their target. Neurotrophic
signaling from muscle represents a key factor in the reg-
ulation of gene expression, targeting, and the surface dis-
tribution of ion channels, as well as in the maintenance of
several morphological characteristics that aﬀect intrinsic
excitability. The loss of such interaction is suﬃcient to
give rise to at least some of the electrical alterations found
in axotomized motoneurons.
REMOVAL OF CENTRAL SYNAPTIC INPUTS TO
MOTONEURONS FOLLOWING AXOTOMY
Axotomy of motoneurons triggers removal of synapses
from the cell surface of lesioned motoneurons (Fig. 1).
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of the global retrograde reaction in response to the loss of
connectivity with the target because synaptic inputs are
largely re-established once muscle re-innervation is
achieved (Sumner and Sutherland, 1973; Sumner,
1976; Chen, 1978; Bra¨nnstro¨m and Kellerth, 1999). There
is, however, evidence that restitution of synaptic inputs
from primary Ia aﬀerents to regenerated lumbar motoneu-
rons is incomplete following injury to the mixed muscle
nerve through which their axons course (Alvarez et al.,
2011; Bullinger et al., 2011; Rotterman et al., 2014). This
sequential pattern of synapse elimination and partial or
complete recovery was originally taken as evidence that
synaptic connections in the adult CNS retain signiﬁcant
potential for remodeling. Since then, motoneuron axot-
omy has been exploited as a model system for studying
mechanisms of synaptic plasticity. Despite a broad range
of experimental research providing a complete description
of the morphological and physiological events associated
with this response (for recent and detailed reviews, see
Moreno-Lopez and Gonza´lez-Forero, 2006; Moreno-
Lopez et al., 2011), we still lack full knowledge of its more
direct causal factors and underlying mechanisms.
Axotomy-induced synaptic stripping aﬀects a large
proportion of synaptic endings and is commonly more
pronounced at proximal somato-dendritic membranes
than at distal compartments, which correlates with the
marked attenuation in amplitude and prolonged rising
phases of the synaptic responses evoked by electrical
stimulation of aﬀerent inputs (Kuno and Llina´s, 1970a;
Mendell et al., 1976; Delgado-Garcı´a et al., 1988;
Bra¨nnstro¨m and Kellerth, 1998; Linda˚ et al., 2000;
Alvarez et al., 2011). The magnitude of the response,
and consequently the degree of de-aﬀerentation post-
axotomy, seems to vary between experimental condi-
tions. This likely is related to factors such as severity
and type of nerve damage, its proximity to the cell bodies,
the motor pool aﬀected, or the species model used. Fur-
thermore, this process is partially selective, as it may dif-
ferentially aﬀect speciﬁc types of synapses in distinct
motor pools (reviewed in Moreno-Lopez and Gonza´lez-
Forero, 2006; Moreno-Lopez et al., 2011).
Based on ultrastructural observations, it is thought
that retraction of synaptic terminals proceeds gradually,
with an initial phase of partial detachment before their
total disconnection. Partially detached boutons usually
exhibit characteristics consistent with the disassembly of
the internal structure, such as degenerating
mitochondria and an increased incidence of vesicular
bodies, coated vesicles, and lysosome-like structures
(Blinzinger and Kreutzberg, 1968; Sumner, 1975; Chen,
1978; Delgado-Garcı´a et al., 1988). The denervated
space of the neuronal membrane is covered almost
entirely by thin layers of glial processes, some of which
are also interposed between partially detached presynap-
tic terminals and motoneuron surface (Fig. 1). Meanwhile,
at the postsynaptic side, dendritic arbors undergo a pro-
gressive retraction, reducing their size, complexity, and
total amount of receptive surface (Bra¨nnstro¨m et al.,
1992; Linda˚ et al., 1992). Likewise, postsynaptic receptor
clusters and their scaﬀolding structures are graduallyremoved from the postsynaptic densities in parallel with
the loss of apposition by presynaptic terminals (Alvarez
et al., 2000; Garcı´a Del Can˜o et al., 2000; Eleore et al.,
2005).
Since the pioneering studies of Eccles et al. and
Blinzinger and Kreutzberg, which demonstrated for the
ﬁrst time the removal of synaptic inputs from the
membrane of axotomized motoneurons (Eccles et al.,
1958; Blinzinger and Kreutzberg, 1968), a large number
of laboratories have focused their interest on elucidating
the basic mechanisms underlying this plastic response.
Although, as discussed above, a complete and coherent
picture still has not been built, studies in axotomy models
have provided valuable clues into the cellular/molecular
events associated with it. Following motoneuron axotomy,
microglia and astrocytes residing within the injured motor
nucleus are activated, proliferate, and interact closely with
the lesioned cells (Blinzinger and Kreutzberg, 1968;
Sumner, 1976; Aldskogius et al., 1999; Jinno and
Yamada, 2011). Based on their own observations, Blinz-
inger and Kreutzberg proposed one of the earliest hypoth-
eses about the mechanisms that could inﬂuence the
synaptic stripping process, establishing that perineuronal
microglia actively participate in the physical detachment
and displacement of aﬀerent axonal endings (Blinzinger
and Kreutzberg, 1968). However, subsequent studies
suggested that reactive astrocytes, but not microglia,
might best ﬁt such a role, by virtue of the extensive and
spatially close relationship between their processes and
partially detached terminals (Chen, 1978; Reisert et al.,
1984; Aldskogius et al., 1999; Yamada et al., 2011). This
latter idea is supported by the fact that, in some cases, it
has been possible to correlate the extent of synapse loss
with degree of astroglial reactivity within a lesioned motor
nucleus (Emirandetti et al., 2006; Zanon and Oliveira,
2006; Freria et al., 2012). Likewise, mice deﬁcient in
GFAP and vimentin, two hallmark proteins of reactive
astroglial cells, display a hampered stripping response fol-
lowing peripheral nerve injury (Berg et al., 2013a). How-
ever, the possible causal link between glial activation
and synaptic stripping has been questioned by two sets
of related ﬁndings. First, pharmacologic or genetic abla-
tion of the injury-induced proliferation of microglia does
not aﬀect synaptic stripping in axotomized motoneurons
(Svensson and Aldskogius, 1993; Heppner et al., 2005).
Second, the magnitude of synaptic loss post-axotomy is
not correlated with the gross activation pattern of sur-
rounding astrocytes and microglial cells (Berg et al.,
2013b). Even though these results strongly suggest that
glial proliferation is not required for the axotomy-induced
elimination of synaptic inputs, they do not exclude the
possibility that reactive astrocytes and microglia are
involved in this process. In conclusion, the evidence
reported so far demonstrates that synaptic withdrawal is
temporally and spatially associated with reactivity in glial
cells following axotomy. Questions about whether glial
cells are causally involved in the stripping process and
what speciﬁc roles they may play remain a matter of
debate.
In some experimental studies of axotomized
motoneurons, it has been possible to correlate the
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synaptic transmission (Fig. 1), reduced levels of
discharge activity, or a marked decrease in ﬁring
modulation during the performance of normal motor
behaviors in vivo (Delgado-Garcı´a et al., 1988;
Gonza´lez-Forero et al., 2004b; Sunico et al., 2005;
Davis-Lo´pez de Carrizosa et al., 2009, 2010). With regard
to the causal relationship between functional and struc-
tural synaptic changes induced by axotomy, a possibility
is that a decline in synaptic responses may be a direct
consequence of the structural destabilization of the syn-
apses. However, it is also tempting to speculate that syn-
apse dismantling could evolve according to Hebbian-like
rules, being secondary to a decrease in synaptic eﬃcacy.
A reduction either in the number of neurotransmitter
receptors on the post-synaptic side or in the release prob-
ability from pre-synaptic terminals would result in
decreased post-synaptic activation, and this could repre-
sent an early step in the cascade of events leading to syn-
apse loss. The idea that a reduction of postsynaptic
sensitivity might precede and trigger the withdrawal of
the pre-synaptic axons has been supported by immuno-
histochemical and mRNA expression analyses showing
an early and marked downregulation of several neuro-
transmitter receptor subunits and their anchoring proteins
in axotomized motoneurons (Alvarez et al., 2000; Che
et al., 2000; Garcı´a Del Can˜o et al., 2000; Eleore et al.,
2005; Vassias et al., 2005). In one of these studies, par-
allel labeling of postsynaptic receptor clusters and presyn-
aptic structures demonstrated that synaptic coverage was
only clearly decreased at longer time intervals (Alvarez
et al., 2000). In agreement with the same principle, but
suggesting a pre-synaptic locus of early change, another
study reported that synaptic stripping in axotomized moto-
neurons is preceded by a period of reduced release prob-
ability from aﬀerent terminals (Yamada et al., 2008). The
notion of a Hebbian model of synapse removal following
axotomy is, however, inconsistent with other ﬁndings indi-
cating a robust increase in the strength of synaptic inputs
from Ia aﬀerents to spinal motoneurons shortly after
peripheral nerve injury (Miyata and Yasuda, 1988;
Bichler et al., 2007b) or the presence of postsynaptic
glutamatergic currents of high frequency and large ampli-
tude in facial motoneurons at an early postaxotomy stage
(Ikeda and Kato, 2005). Even with all this information, it is
still diﬃcult to deﬁne with precision the temporal sequence
of changes that occur at both sides of the synapse pre-
ceding its elimination in axotomized motoneurons. To
date, there is insuﬃcient data to conclude that synapses
are removed through an activity-dependent process in
these cells.
An intriguing aspect regarding synaptic stripping of
injured motoneurons concerns the origin and identity of
the signaling events that promote this response.
There is evidence that elimination of redundant,
supernumerary, or ineﬃcient synapses during early
development is driven, at least in part, by retrograde
signaling from the postsynaptic cell (for review see
Nguyen and Lichtman, 1996; Goda and Davis, 2003). Fol-
lowing peripheral damage of motor axons, the only CNS
element directly aﬀected by the injury is the axotomizedmotoneuron. Therefore, it is reasonable to assume that
all the components of the retrograde response, including
synapse disassembly, are regulated by signals generated
by the injured motoneuron itself. Presumably, synthesis
and delivery of signals instructing synapse removal criti-
cally rely in turn upon the integrity of the eﬀerent synaptic
connections maintained by motoneurons with their post-
synaptic targets. Motoneuron-derived signals would be
directly or indirectly coupled to the eﬀector systems that
dismantle the synaptic machinery. The synaptic elimina-
tion process, although orchestrated by the motoneuron,
might also involve activation and signaling from perineu-
ronal glial cells. The mechanisms for transducing these
signals could operate post- or pre-synaptically, or at both
levels. Most of the research in this area has focused on
determining the potential role of two types of signaling
events induced by motor axon injury: (i) deprivation or
reduced supply of maintenance factors, which would be
required to stabilize synaptic contacts, and (ii) production
of punishment signals (synaptotoxins), which actively
drive synapse dismantling.
The notion that synapses require a continuous
retrograde supply of stabilizing factors for their
maintenance has been long recognized (reviewed by
Purves and Lichtman, 1978; Dan and Poo, 1994;
Mendell et al., 1994; Moreno-Lo´pez and Gonza´lez-
Forero, 2006). A group of molecules that should be
considered as ﬁrm candidates to fulﬁll this role are the
neurotrophic factors. The idea of a retrograde neurotro-
phic signaling to the synapse acting as a stabilizing
synaptotrophic signal extends the well-known role of neu-
rotrophic factors in neuronal survival and diﬀerentiation.
Such interaction could support the adhesive, structural,
and functional properties of mature synapses (Purves,
1986; de la Cruz et al., 1996; Vicario-Abejo´n et al.,
2002; Rind et al., 2005). According to this view, any con-
dition that disrupts the synthesis, retrograde transport, or
delivery of these signals from the targeted neuron would
be expected to promote destabilization and withdrawal
of aﬀerent synaptic terminals. Several indirect evidences
prompt us to suggest that axotomy directly interferes
with this retrograde signaling mechanism, leading to a
deﬁcient supply of synaptotrophic signals from the injured
motoneurons. Local injection of BDNF-producing stem
cells or exogenously administered BDNF, neurotrophin
3 (NT-3), or NGF have been shown to exert protective
and/or restorative eﬀects on the synaptic inputs to
motoneurons after axon injury (Novikov et al., 2000;
Davis-Lopez de Carrizosa et al., 2009; Rodrigues Hell
et al., 2009; Davis-Lopez de Carrizosa et al., 2010).
Further, these studies showed that the eﬀect of each
neurotrophic factor was largely speciﬁc for a particular
subgroup of aﬀerent inputs. For instance, following ventral
root avulsion, local infusion of BDNF had profound restor-
ative eﬀects on synaptic coverage of motoneurons,
mainly by promoting recovery of the inhibitory aﬀerent
innervation (Novikov et al., 2000). In a similar context,
BDNF or NT-3 delivered to the proximal stump of the tran-
sected abducens nerve had strong preventive eﬀects on
the removal of aﬀerent inputs conveying tonic synaptic
drive or phasic signals, respectively, to the motoneuron
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observations suggest that functionally diﬀerent types of
synaptic inputs might also require diﬀerent complements
of trophic signals for their maintenance. This could pro-
vide a mechanism for the ﬁne adjustment of synaptic
composition not only during pathological processes that
involve partial or complete disconnection of neuronal cir-
cuits, but also under normal physiological conditions by
diﬀerentially adapting the strength of synaptic inputs from
diﬀerent sources to the responsiveness, function, pheno-
type, and eﬀerent connectivity of the postsynaptic neuron.
Stabilization and maturation of synaptic junctions
requires enhanced adhesive force to keep synaptic
membranes in apposition. Subsistence of such adhesive
binding depends on the appropriate synthesis and
targeted delivery of cell adhesion molecules (CAMs) to
zones of synaptic contact (Gerrow and El-Husseini,
2006; Han and Kim, 2008; Bukalo and Dityatev, 2012).
In this sense, insuﬃcient supply of CAMs to the synaptic
membrane would represent the loss of critical mainte-
nance factors, and possibly also a cause of destabiliza-
tion. It is conceivable, therefore, to postulate that the
breakage of this adhesive binding could be a preliminary
step that antecedes synapse disassembly in axotomized
motoneurons. In a series of related studies, it has been
found that axotomy induces rapid down-regulation of the
mRNAs encoding for the CAMs neuroligin-2, neuroligin-
3, netrin G-2 ligand, netrin G-3 ligand, and SynCAM1 in
motoneurons, as well as a more gradual decrease in the
level of PSD-95 mRNA expression (Zelano et al., 2007,
2009; Berg et al., 2010). The long-term expression analy-
sis further showed that these changes were reversed fol-
lowing regeneration, in parallel with the restoration of
aﬀerent synaptic inputs to the motoneurons. These obser-
vations leave open the possibility that the down-regulated
expression of postsynaptic CAMs and the consequent
loss of adhesive strength at synapses can critically con-
tribute to the weakening and elimination of synaptic inputs
from axotomized motoneurons.
A model of withdrawal that relies exclusively on the
loss of maintenance factors as a ‘‘suﬃcient’’ condition
for synapses to be removed must presumably
incorporate a passive mechanism of synaptic
disassembly. In axotomized motoneurons, the idea that
synapse elimination might be actively driven by a
‘‘synaptotoxic’’ or ‘‘punishment’’ signal has begun to
gain support. Although in the context of the cellular
economy the co-existence of both types of signals might
a priori seem redundant, they could complement each
other by providing a more ﬁnely orchestrated regulation
of the synaptic removal process and increasing the
speed at which synapses are dismantled. Several cell
surface and soluble molecules typically used for immune
recognition and signaling, such as the major
histocompatibility complex class I (MHC-I), component 3
of the complement system (C3), or Toll-like receptors
type 2 (TLR-2), become upregulated and/or activated
within lesioned motor nuclei and have been shown to
exert a strong inﬂuence on the strength and pattern of
the synapse elimination response following axotomy
(Zanon and Oliveira, 2006; Sabha et al., 2008; Thamset al., 2008; Berg et al., 2012; Freria et al., 2012;
Victo´rio et al., 2012). The most suggestive evidence for
considering their role as punishment signals comes from
studies showing that the expression level of each of these
molecules in lesioned motor pools is positively correlated
with both the magnitude of the glial response and the
degree of synapse loss. Besides providing clues about
the cellular mechanisms underlying synapse withdrawal
after axonal injury, these ﬁndings emphasize yet again
the possible relevance of glial-neuron interactions in the
stripping response. For example, three isogenic mice
strains displaying diﬀerential regulation of MHC-I expres-
sion after axotomy also exhibited varying degrees of reac-
tive astrogliosis and synaptic stripping (Sabha et al.,
2008). Likewise, upregulation of MHC-I by exogenous
treatment with interferon beta, a potent inductor of its
expression, enhanced GFAP immunoreactivity in the
lesioned spinal cord segments and resulted in an exacer-
bated removal of presynaptic terminals from the surface
of lesioned motoneurons (Zanon and Oliveira, 2006).
On the contrary, mutant mice lacking expression of inter-
feron gamma (another potent inductor of MHC-I expres-
sion), C3, or TLR-2 showed an attenuated removal of
synaptic inputs following motor nerve transection (Berg
et al., 2012; Freria et al., 2012; Victo´rio et al., 2012). Inter-
estingly, the altered expression of these molecules was in
all cases coupled with the surplus removal or preservation
of a substantial number of putative inhibitory terminals,
with little or no eﬀect on the axotomy-induced loss of
excitatory inputs. It is therefore likely that this classical
set of immune recognition and signaling molecules
expressed on, or bound to, glial or neuronal surfaces
could act as molecular tags that instruct an elimination
process directed selectively toward the subgroup of inhib-
itory presynaptic terminals.
In view of the previously mentioned ﬁndings, the
question arising is whether there are complementary
punishment signals providing destabilization to
excitatory synaptic contacts. This may be of particular
relevance, because in most axotomized spinal and
cranial motor nuclei the proportion of excitatory
glutamatergic terminals that are eliminated is
substantially larger, compared to the fractional removal
of inhibitory glycinergic and GABAergic boutons
(reviewed in Moreno-Lopez and Gonza´lez-Forero, 2006;
Moreno-Lopez et al., 2011). Data obtained in our labora-
tory demonstrate that NO production in axotomized hypo-
glossal motoneurons (HMNs) represents a ‘‘necessary’’
and ‘‘suﬃcient’’ condition for the stripping of excitatory
synaptic boutons (Sunico et al., 2005, 2010; Montero
et al., 2010).
Given the repertoire of molecules and signals
proposed as modulators of synapse stability in adult
motoneurons, it is likely that synapse loss after axotomy
does not rely solely on a single mechanism of signaling,
but rather it might depend on the concerted inﬂuence of
a variety of factors, each with a speciﬁc action
(maintenance vs elimination) and selective for a
particular subtype of synaptic input (excitatory vs
inhibitory). The precise composition of this cocktail, and
hence the relative inﬂuence of each signal, could vary
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and type of nerve damage. Under each of these
conditions, the regulated conﬂuence of signals might
ensure the removal of a type of input and the
maintenance of others, perhaps to the extent required in
each case to establish a new balance between
excitation and inhibition, optimize the operation of
metabolic pathways involved in survival and
regeneration, or minimize the impact of any excitotoxic
inﬂuence on lesioned cells.PARALLEL EMERGENCE OF NEW NO
SOURCES AND FUNCTIONAL CHANGES IN
AXOTOMIZED MOTONEURONS INDICATES A
CAUSAL LINK
NO has emerged as a versatile molecule with relevant
functions in the changing brain in response to
environmental stimuli and neuropathological conditions.
Recent conceptual advances indicate an important role
of this gas as a key link between deprivation of muscle-
derived trophic support and alterations in intrinsic
excitability and synaptic array undergone by
motoneurons after axotomy. NO, a short-lived bioactive
free radical, has been identiﬁed as a pivotal eﬀector in
degenerative and regenerative processes underpinning
diverse peripheral neuropathies (reviewed in Moreno-
Lopez, 2010; Moreno-Lopez et al., 2011). As a gaseous
molecule, NO acts as a messenger that mediates auto-
crine/paracrine cellular signaling actions by its ability to
diﬀuse freely across plasma membranes, thus acting as
a three-dimensional (or volume) messenger. The heme-
containing enzyme NOS produces equimolar proportions
of NO and L-citrulline by hydroxylation and successive oxi-
dization of L-arginine. In this process, NOS uses the redox
cofactor tetrahydrobiopterin (H4B), utilizes NADPH as
electron donor, and requires O2 to carry out the reaction.
Electron transfer reactions performed by NOS are regu-
lated by the Ca2+-binding protein calmodulin (reviewed
in Stuehr et al., 2004; Feng, 2012).
Three major isoforms of NOS have been identiﬁed so
far, and their nomenclature attends to three factors: the
cloning order, the cell type that mainly expresses them,
and their constitutive or inducible expression.
Constitutive enzymes include the neuronal (nNOS/NOS-
I) and endothelial (eNOS/NOS-III) isoforms, whereas the
inducible isoform (iNOS/NOS-II) was ﬁrst recognized in
activated macrophages. They are coded by diﬀerent
genes and diﬀer in localization, regulation, catalytic
properties, and inhibitor sensitivity. Three splice variants
for nNOS, the main isoform found in the neural tissue,
have been documented and named a, b, and c. nNOSa
has a wide distribution in the mammalian brain. Physical
connection between the a isotype, but not b and c, with
NMDA receptor NR2 subunits throughout postsynaptic
density protein-95 is thought to functionally couple Ca2+
inﬂux and NO production. The Ca2+-independent and
always catalytically active iNOS is inducible in a wide
range of cell types and tissues, such as activated
macrophages or astroglia and microglia in pathological
states of the CNS. Finally, eNOS is the primary isoformfound in vascular endothelial cells (Moreno-Lopez et al.,
2011; Fo¨rstermann and Sessa, 2012).
Soluble guanylyl cyclase (sGC), a transition metal-
containing protein, is the main physiological NO eﬀector
in target structures. Its NO-mediated activation leads to
increases of the intracellular cyclic guanosine
monophosphate (cGMP) levels. The most widespread
action of cGMP probably includes activation of protein
kinase G (PKG), which may regulate downstream
function of eﬀector proteins by phosphorylation. NO can
also modify protein function by a regulatory post-
translational mechanism that entails the formation of
nitrosothiol adducts in speciﬁc cysteine residues (or
S-nitrosylation). These reactions mainly occur in
pathological states under an anomalous redox
environment (for a review on transduction signaling
pathways for NO see Garthwaite, 2008). Low
concentrations of NO, generated by nNOS/eNOS in a
Ca2+-coupled way, act as a messenger in numerous
signal transduction pathways, while high concentrations
of iNOS-derived NO become cytotoxic (Moreno-Lopez
and Gonza´lez-Forero, 2006). However, overexpression
of eNOS or nNOS in pathological conditions can also
result in toxic NO levels. In this way, physiological NO
concentrations such as those involved in neurotransmis-
sion and vasodilation are in the pico- to nanomolar range,
whereas pathological levels can reach concentrations at
the micromolar order and seem to be implicated in
the pathogenesis of stroke, demyelination, and other
neurodegenerative diseases (Malinski et al., 1993; Hall
and Garthwaite, 2009; Steinert et al., 2010).
Expression timing of new NO sources after
motoneuron axotomy
Most neurodegenerative disorders, prion diseases, and
peripheral neuropathies share cellular and molecular
features such as dysregulation of protein expression,
function, and/or aggregation (Ross and Poirier, 2004).
Upregulation and/or de novo expression of nNOS is a
common hallmark in diverse neurodegenerative diseases
and in axotomized motoneurons. Altered expression of
nNOS occurs in the course of Alzheimer, Parkinson,
Huntington diseases, amyotrophic lateral sclerosis,
multiple sclerosis, and HIV dementia in humans and/or
in animal models, as well as after peripheral and central
traumatic lesions (Moreno-Lopez and Gonza´lez-Forero,
2006; Montero et al., 2010). Consequently, clarifying the
role of de novo-induced nNOS in the progress of func-
tional changes undergone by axotomized motoneurons
will contribute an understanding of how the neuronal
alterations that underpin typical cognitive, motor, and
behavioral impairments occur in a wide spectrum of
pathological states.
Following peripheral nerve injury, the molecular
setting of the damaged system undertakes relevant
changes at both the central and peripheral levels. In
particular, each constituent of the disturbed system has
been found to express de novo and/or upregulate at
least one NOS isoform. After the physical injury of a
motor nerve, NOS expression is upregulated at the
injured motoneuron, the insulted nerve, and denervated
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isoforms at diﬀerent locations after peripheral nerve
injury have been recently reviewed (Moreno-Lopez,
2010; Moreno-Lopez et al., 2011). Here, the pattern of
expression at the motoneuron will be brieﬂy described to
argue for a feasible relationship between the time course
and degree of nNOS upregulation and the magnitude of
functional alterations manifested by motoneurons follow-
ing axotomy. Traumatic motor nerve injury induces de
novo expression of nNOS, but not iNOS, within the cell
bodies of the damaged motoneurons, which are physio-
logically lacking this enzyme. iNOS was not immunohisto-
chemically detected in glia surrounding the injured
motoneurons (Sunico et al., 2005; Moreno-Lopez,
2010). The remaining NOS isoform, eNOS, has not been
reported to be induced in injured motoneurons so far.
eNOS immunoreactivity was only detected in endothelial
cells after axotomy, and nerve transection reduced eNOS
mRNA levels at P7 in the lumbar spinal cord (Rogerio
et al., 2006). eNOS seems to be innocuous for central del-
eterious processes after axotomy, as nerve avulsion-
induced motoneuron apoptosis was unaltered in eNOS
knockouts mice (Martin et al., 2005). All these data
strongly point to nNOS as the major NO source present
within a motor nucleus following motoneuron axotomy.
Upregulation of nNOS at the soma takes place in
motoneurons after peripheral compression, crush,
ligature, transection, and avulsion injuries. Trophic
deprivation is thought to be the main factor triggering
nNOS expression in adult injured motoneurons, since
BDNF deprivation upregulates nNOS in cultured spinal
motoneurons (Estevez et al., 1998a,b) and exogenous
BDNF application prevents de novo expression of nNOS
in motoneurons after axonal injury (Novikov et al., 1995;
Chai et al., 1999). Upregulation of c-jun expression pre-
ceded induction of nNOS expression in injured motoneu-
rons by 7 days following ventral root-avulsion, and
thereafter both proteins colocalized within dying spinal
motoneurons (Zhou et al., 2008). Furthermore, c-jun
phosphorylation regulates nNOS expression and moto-
neuron death in injured spinal cords following root-avul-
sion of the brachial plexus (Wang et al., 2011). Recent
ﬁndings from diﬀerentiated PC12 cells show that experi-
mental c-jun downregulation also reduced nNOS expres-
sion (Cheng et al., 2012). Therefore, overexpression of
the transcription factor c-jun in axotomized motoneurons
could be a feasible connection between deprivation of
muscle-derived trophic support and nNOS upregulation.
Managing outcomes made it possible to model the
pattern and time course of nNOS expression after nerve
injury (Moreno-Lopez, 2010). Expression of nNOS in axo-
tomized motoneurons was ﬁrst evidenced at day 3 post
injury; level of expression and number of nitrergic moto-
neurons increased progressively, peaking between day
7 (crushing) and 28 (avulsion) depending on lesion
severity, and then gradually returned to control values
(Fig. 2A–C) in parallel with muscle re-innervation. The
number of nitrergic motoneurons also depended on the
type of injury (i.e., crush–transection–avulsion), with
higher percentages in more traumatic lesions (Moreno-
Lopez et al., 2011). NADPH-diaphorase histochemistryin the rat revealed a maximum of 24% to 27% nitrergic
motoneurons of the total pool after crushing, while in more
severe injuries the proportion increased: 48–60% after
transection and 80–98% after avulsion. This model has
been further supported by more recent reports after XIIth
nerve crushing and spinal root avulsion (Cheng et al.,
2010; Yuan et al., 2010a; Wei et al., 2011). Upregulation
of nNOS after motoneuron axotomy seems to be part of
the program recapitulating a dediﬀerentiated phenotype
of motoneurons, as transient expression of nNOS occurs
in rat hypoglossal and spinal motoneurons during early
postnatal development (Vazquez et al., 1999; Gao
et al., 2008).
Time-dependent increase in nNOS expression after
motor nerve injury is expected to result in a progressive
enhancement of NO synthesis at the somato-dendritic
portion of the axotomized motoneuron. It is well known
that NO production is coupled to neuron activity by
glutamate activation of NMDA receptors (Garthwaite
et al., 1988). In the particular case of the hypoglossal sys-
tem, HMNs exhibit rhythmic, inspiratory-related, bursting
discharges driven by glutamatergic brainstem aﬀerences
that mainly act on AMPARs (Rekling and Feldman,
1998; Peever et al., 2002; Gonza´lez-Forero et al.,
2004b). AMPARs form heteromeric glutamate-gated ion
channels permeable to Na+ and K+ as the result of diﬀer-
ent combinations of GluR1–4 subunits. However, AMPA
receptor channels present Ca2+ permeability in the
absence of the GluR2 subunit (Hollmann et al., 1991). It
is interesting to note that, following XIIth nerve transec-
tion, the percentage of GluR1-immunopositive motoneu-
rons and the labeling intensity for this subunit increased,
but GluR2-immunolabeling at somata and neuropil was
undetectable. In somata, GluR2 loss was detectable as
soon as 24 h post injury and reached a plateau after
4 days, after which immunostaining density progressively
increased but remained below control after 15 and
30 days postaxotomy; at 45 days postlesion it had nearly
reached basal levels (Garcia Del Cano et al., 2000). At
the somato-dendritic level of an axotomized motoneuron,
a scenario of persistent NO synthesis is then likely
to occur. NO synthesis by the de novo-expressed
Ca2+-dependent nNOS could be coupled to Ca2+-entry
through rhythmically activated GluR2-deﬁcient AMPA
receptors. Thus, these observations point to the hypo-
glossal system as an ideal model to scrutinize the role
of NO as a potential molecule linking deprivation of
muscle-derived trophic support and functional alterations
of axotomized motoneurons in adulthood.Relationship between nNOS expression and
functional changes in motoneurons after axotomy
Unfortunately, to date there is scarce research focused on
the study of the causal link between the induction of new
NO sources after peripheral nerve injury and physiological
changes observed in motoneurons after axotomy. Over
the past decade, our group has developed a model of
acquired peripheral motor neuropathy induced by a
traumatic insult that evokes a well-characterized array of
functional and synaptic impairments along with de novo
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Fig. 2. Comparison between the time course of nNOS induction and functional alterations in axotomized motoneurons. (A, B) Photomicrographs
obtained from coronal sections processed by NADPH-diaphorase histochemistry in the control condition (A) and 7 days after XIIth nerve crushing
(B). The intact and the injured (crushed) sides are illustrated in panel B. Dashed lines indicate the border of the hypoglossal nucleus (HN). (C) Time
course of the number of NADPH-positive neurons at diﬀerent time points after XIIth nerve crushing in the HN ipsilateral (blue circles) or contralateral
(black circles) to the lesion side. (D, E) Representative antidromic activations (⁄) and collisions (arrowhead) in motoneurons recorded in control (D),
and at 7 days after XIIth nerve crushing (E). Note that activation latency, measured as the time diﬀerence between XIIth nerve stimulation (St) and
the negative peak of the antidromic spike (⁄), was longer in the motoneuron recorded after nerve lesion. (F) Time course of changes in the
antidromic activation latency after XIIth nerve crushing (circles), relative to the control (C, triangle) group. (G) Electroneurographic recordings of
the XIIth nerve (top traces) and their integrated signal (bottom traces) in the control condition and 7 days after nerve crushing. (H) Time course of the
index of nerve activity, calculated as the ratio between the averaged burst areas obtained in the right (or lesioned) and left (or unoperated) sides,
measured on the integrated XIIth nerve activity. (I) Discharge activities (top traces) and their instantaneous FR [spikes (sp) per second] histograms
(bottom traces) of HMNs recorded at basal conditions (ETCO2 = 4.8–5.2%) in the control stage and on day 7 after ipsilateral XIIth nerve crushing.
mFR, mean ﬁring rate representative for the indicated burst. (J) Time course of the mFR obtained from the HMN pool, after XIIth nerve crushing,
relative to the control group (C, triangle). (K) Graph representing the time course of changes in SmFR following XIIth nerve crushing (circles),
compared to the control (C, triangle) group. SmFR (in spikes/s/%), calculated as the slope of the regression lines between mFR vs ETCO2, represents
the neuronal sensitivity or gain of the motoneuron to chemoreceptor-modulated inspiratory drive. Values are mean ± SEM for three animals
or > 20 HMNs per group. Adapted from Sunico et al. (2005) (A–C, G, I) and Gonzalez-Forero et al. (2004b) (D–F, H, J, K) with permission.
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This experimental model allowed us to scrutinize the
participation of various factors in degenerative/
regenerative processes after nerve injury. Along the
same lines, for more than a decade the HMN pool has
been well characterized by our group under
physiological and pathological conditions (Gonza´lez-
Forero et al., 2004, 2007, 2012; Sunico et al., 2005,
2008, 2010, 2011; Montero et al., 2008, 2010). This motor
system oﬀers several advantages, as motoneuron activity
can be accurately measured and its peripheral and central
portions are easily accessible to carry out lesions, local
microinjections of drugs and/or genetic tools, and electro-
physiological recordings.
Axotomy provokes changes in axonal, synaptic, and
intrinsic membrane properties of motoneurons, including
enhanced somato-dendritic excitability, decreased
axonal conduction speed, substantial loss of aﬀerent
synaptic contacts, and altered discharge and
recruitment patterns (Gonza´lez-Forero et al., 2004,
2007). Brieﬂy, measurement of the latency of antidromi-
cally evoked action potentials in HMNs indicated that
nerve crushing induces a progressive reduction in the
conduction velocities of motor axons, apparent at 3 days
and peaking at 15 days after injury (Fig. 2D–F). Axon
injury also induced time-dependent alterations in the dis-
charge properties of HMNs. The electrical activity of the
proximal stump of the XIIth nerve, which is characterized
by a rhythmic inspiratory-related discharge pattern, was
depressed after nerve crushing. Signiﬁcant reductions in
nerve activity appeared as soon as 1 day post-lesion
and declined thereafter, reaching a minimum value at
15 days postcrushing (Fig. 2G, H). These outcomes sug-
gest probable axotomy-induced alterations in the HMN
pool. Conclusively, at 3 days after crushing, the mean ﬁr-
ing rate (mFR) of inspiratory-related bursts underwent a
signiﬁcant reduction that persisted at 7 (35.8 ± 6.3%)
and 15 (53.6 ± 4.9%) days, as highlighted by the
recording of unitary ﬁring activities of HMNs in basal con-
ditions (end-tidal CO2 (ETCO2) = 4.8–5.2%) (Fig. 2I, J).
Finally, the modulation of discharge activity of HMNs in
response to ETCO2 changes was also impaired after nerve
injury. The XIIth nerve crushing attenuated HMN
response to the chemoreceptor-modulated inspiratory
drive, which indirectly represents a disturbance of synap-
tic inputs to HMNs. The mFR of motoneurons increases
when ETCO2 rises and drops when ETCO2 decreases. A
statistically signiﬁcant relationship was obtained between
mFR and ETCO2 and the slope of the regression line rep-
resents the sensitivity or gain of mFR to ETCO2 (SmFR). In
this way, SmFR of HMNs was reduced by 33.3 ± 6.2% on
the third day and reached minimum values on the seventh
day (68 ± 9.9%) after nerve damage (Fig. 2K). Interest-
ingly, all these nerve injury-induced alterations reverted to
control-like values in one month, when complete axonal
regeneration and muscle re-innervation was achieved
(Gonza´lez-Forero et al., 2004).
It is remarkable that the number of nitrergic cell bodies
increased at day 3 after lesion, reached a plateau
between day 7 and 15, and returned to control values
30 days after crushing (Sunico et al., 2005) (Fig. 2A–C).Therefore, the time course of the functional changes
undergone by HMNs after nerve lesion was similar to that
obtained for NOS expression. When proportion of nitrer-
gic neurons was correlated with percent changes in func-
tional parameters measured at diﬀerent times after nerve
damage, an inverse linear regression relationship was
obtained for XIIth nerve activity (r= 0.90, p< 0.001),
baseline mFR (r= 0.77, p< 0.01), and SmFR (r= 0.99,
p< 0.001), and a direct correlation was observed for
latency of antidromically evoked action potentials
(r= 0.85, p< 0.05). Therefore, a close spatiotemporal
relationship between nNOS expression and central func-
tional alterations is evidenced. This supports a causal link
between de novo NO synthesis and the central mecha-
nisms underlying nerve injury-evoked alterations in the
electrical properties of HMNs.
nNOS-GENERATED NO IS ‘‘NECESSARY’’ AND
‘‘SUFFICIENT’’ TO INDUCE FUNCTIONAL
ALTERATIONS IN AXOTOMIZED
MOTONEURONS
Our group has further focused its eﬀorts on the study of
possible causality between de novo synthesis of NO
and modiﬁcation of functional properties in motoneurons
after axotomy. To reach this objective, we have used
both broad and speciﬁc approaches to interfere with
axotomy-induced nNOS activity. Chronic treatment with
the broad-spectrum NOS inhibitor Nx-nitro-L-arginine
methyl ester L-NAME, but not the inactive stereoisomer
D-NAME, the relatively speciﬁc inhibitor of nNOS
7-nitroindazole (7-NI) or 1H-[1,2,4]oxadiazolo[4,3-a]quin-
oxalin-1-one (ODQ), a speciﬁc inhibitor of sGC, had a
preventive eﬀect on the changes in SmFR induced by
axotomy in adult rats (Sunico et al., 2005). Factors con-
tributing to almost complete loss of ﬁring modulation by
chemosensory aﬀerents in axotomized HMNs could
include changes in intrinsic excitability and/or strength of
aﬀerent synaptic inputs. In agreement with the latter
possibility, functional alterations in lesioned HMNs were
concomitant with the selective loss of excitatory synaptic
boutons from their surface (Gonza´lez-Forero et al.,
2004; Sunico et al., 2005, 2010; Moreno-Lopez et al.,
2011), similarly to those described previously by electron
microscopy studies (Sumner, 1975). The number of bou-
tons was maintained at near control values after L-NAME,
7-NI, or ODQ treatment, thus indicating that neuronal NO
is also ‘‘necessary’’ to induce withdrawal of synaptic ter-
minals on injured motoneurons by a cGMP-dependent
mechanism (Sunico et al., 2005). The decline in SmFR
and excitatory synaptic coverage of HMNs observed after
XIIth nerve crushing was prevented by the chronic admin-
istration of L-NAME, but not D-NAME, and 7-NI, which is a
selective inhibitor of nNOS in vivo (Kelly et al., 1995;
Moore and Handy, 1997) and is devoid of the vascular
eﬀects of L-NAME (Moreno-Lopez et al., 2004). These
ﬁndings together with the identiﬁcation of nNOS as the
isoform expressed by HMNs after nerve injury and the
lack of eﬀects of aminoguanidine, a selective inhibitor of
iNOS, strongly indicated that the NO source involved in
functional impairment was really neuronal. To obtain more
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we additionally used a binary neuron-speciﬁc lentiviral
(LVV) system expressing a shRNA for nNOS knock-down
(LVV-shRNA/nNOS), which was doxycycline (Dox)-sensi-
tive. Local and unilateral LVV-shRNA/nNOS microinjec-
tion in the hypoglossal nucleus (HN) (3 days before
crushing) fully prevented changes in SmFR induced at
7 days after XIIth nerve crushing, without aﬀecting the
function of premotor structures. This protective eﬀect
was blocked by daily administration of Dox in the drinking
water (Montero et al., 2010). The ability of neuron-speciﬁc
LVV-shRNA/nNOS to block the eﬀects of nerve damage
on the discharge pattern of HMNs clearly demonstrates
that these eﬀects result from nNOS upregulation in injured
HMNs. These results indicate that NO synthesized by the
upregulated nNOS in HMNs is a mediator in the molecular
processes that convey changes in motoneuron sensitivity
to modulation of their aﬀerent drive. This NO eﬀect is
exerted through sGC activation and the subsequent
increase in cGMP levels in target structures. The preced-
ing injection of LVV-shRNA/nNOS into the HN also atten-
uated the loss of excitatory synaptic boutons induced by
XIIth nerve crushing (Montero et al., 2010), which
suggests that functional alterations induced by axotomy
in motoneurons are explained at least partially by the
NO-triggered removal of synaptic inputs.
Strikingly, axotomy-induced reduction in mFR at basal
conditions was not avoided either by chronic treatment
with L-NAME or L-N(5)-(l-iminoethyl)ornithine (L-NIO), a
relatively speciﬁc inhibitor of eNOS, or by LVV-shRNA/
nNOS microinjection (Sunico et al., 2008; Montero
et al., 2010). It is known that after a nerve injury, NO pro-
duction is upregulated in endothelial cells, recruited mac-
rophages, and Schwann cells within the damaged nerve
(Moreno-Lopez, 2010). Clearly, these sources have not
been reached nor aﬀected by the LVV used in this study
for nNOS knock-down. In addition, the amplitude and
duration of the action potential afterhyperpolarization are
increased in neonatal spinal motoneurons after sciatic
nerve crushing (Mentis et al., 2007). Yet, incubation of
slices containing HMNs with the NO donor DEA/NO failed
to alter afterhyperpolarization in motoneurons even
though the NO donor induced Vm depolarization
(Gonza´lez-Forero et al., 2007). These observations dem-
onstrate the prevalence of NO-independent alterations
aﬀecting the input–output transformation performed by
HMNs, which might exert their eﬀect on synaptic strength,
integrative properties, intrinsic membrane properties, or
ﬁre coding.
Progressive and ordered activation of motor units and
ﬁring rate modulation regulate the output of a motor pool
to adjust force production. The recruitment scheme of
hypoglossal motor units was preserved in L-NAME-
treated intact animals, but was profoundly distorted at
7 days after XIIth nerve crushing in untreated or
D-NAME-treated rats. Parallel to this change in
recruitment scheme, the mean threshold, deﬁned as the
theoretical ETCO2 concentration at which HMN begins to
discharge, was reduced. Chronic inhibition of either NO
synthesis with L-NAME or 7-NI or of sGC activity with
ODQ preserved the overall recruitment scheme andalso the mean threshold value of the lesioned pool
(Gonza´lez-Forero et al., 2007). LVV-shRNA/nNOS
administration produced similar eﬀects (Montero et al.,
2010). Altogether, these results suggest that decreases
in recruitment threshold and disorganization of the recruit-
ment pattern in the injured motor pool are mediated by the
action of NO synthesized by the induced nNOS acting via
sGC. The recruitment order of a motor pool is mainly
determined by intrinsic membrane properties, although
synaptic input arrangement and aﬀerent activity could
ﬁnally adjust threshold range or recruitment gain
(Gustafsson and Pinter, 1985; Heckman and Binder,
1993; Cope and Sokoloﬀ, 1999). In our model, axonal
injury induces a prominent increase in RN in neonatal
HMNs and the loss of excitatory synaptic terminals on
both adult and neonatal HMNs (Sumner, 1975; Moreno-
Lopez and Gonza´lez-Forero, 2006; Sunico et al., 2010).
Therefore, it is likely that alterations in the recruitment pat-
tern emerge as a consequence of the increase in intrinsic
excitability rather than from altered synaptic drive, which
according to its own nature would result in higher thresh-
olds of recruitment. These data, along with the lack of
iNOS expression after injury (Sunico et al., 2005) and
the absence of L-NAME eﬀects in intact animals, indicate
that the changes in recruitment distribution are mediated
by de novo production of NO in damaged motoneurons
acting via an autocrine signaling loop that enhances
cGMP synthesis and subsequently intrinsic excitability.
At this point, the reviewed literature points to NO,
synthesized by de novo expressed nNOS, as a
‘‘necessary’’ signal for the molecular processes that lead
to withdrawal of excitatory synaptic inputs and changes
in intrinsic excitability in axotomized motoneurons
(Fig. 3), but is it ‘‘suﬃcient’’? The answer to this
question is particularly relevant if we consider that
nNOS is only one of the numerous dysregulated
proteins after nerve damage (as discussed above).
Therefore, the actual role for nNOS is less clear within
the complex picture created by numerous disarranged
proteins (Montero et al., 2010). To minimize this multifac-
eted setting, we modeled the simplest pathological sce-
nario using virally induced de novo expression of nNOS
in non-axotomized HMNs together with complementary
attempts to create a pharmacological environment with
pathological concentrations (micromolar) of NO in vitro.
Dysregulation of protein expression in speciﬁc cell
populations of the CNS is a common hallmark in most
neurodegenerative diseases. Ideally, this problem could
be approached by somatic gene delivery targeted to
speciﬁc cell types within a certain nucleus in order to
increase or decrease the expression of a particular
gene, with a precise control over the temporal
expression of the transgenes. Gene delivery into brain
cells using viral vectors has been successfully
performed, even for long-term gene expression
(Thomas et al., 2003; Papale et al., 2009). Likewise, viral
vectors have been eﬀectively used both in vitro and in vivo
for the delivery of new genomic tools such as small inter-
ference RNAs (Snove and Rossi, 2006; Paddison, 2008;
Edry et al., 2011; Sunico and Moreno-Lopez, 2011). Viral
vectors experimentally designed for gene therapy are
Fig. 3. Proposed pathways for the concerted NO signaling underlying synapse loss and increases in intrinsic excitability of motoneurons following
motor axon damage. Axotomy-induced deprivation of negative injury signals and arrival of positive injury signals stimulate the expression and/or
activation of a speciﬁc set of transcription factors (among which are STAT-3, p53 and several members of the ATF/CREB, AP-1 and Smad families),
which presumably results in the transcriptional regulation of genes involved in the axotomy-induced retrograde response. Among these target genes
is the gene encoding for the neuronal isoform of nitric oxide synthase (nNOS), which is synthesized de novo in axotomized adult motoneurons. The
enzymatic gene product is mainly targeted to postsynaptic densities (PSDs) of excitatory synapses where it binds to the NMDA receptor (NMDAR)
anchoring protein PSD-95 (red thick solid lines with arrowheads). At this localization, its calcium-regulated enzymatic activity may be functionally
coupled to glutamate release (gray dots) and calcium inﬂux through activated NMDARs, GluR2-lacking Ca2+-permeable AMPA receptors
(AMPARs) and nearby voltage-gated calcium channels (VGCC). Under the inﬂuence of these sources of calcium entry, nNOS catalyzes the
conversion of L-arginine into L-citrulline and the reactive and highly diﬀusible gas NO (red thin solid lines with arrowheads and red dots). NO is
proposed to act as a key signaling molecule involved in at least two of the more characteristic changes that occur in axotomized motoneurons, the
removal of a large proportion of synaptic inputs and the sustained increase in intrinsic excitability. At the synaptic level, postsynaptically synthesized
NO acts as a retrograde intercellular messenger that diﬀuses into excitatory presynaptic boutons and initiates a downstream signaling cascade that
stimulates the contraction of the actomyosin apparatus and retraction of the axonal endings (brown solid lines with arrowheads; Sunico et al., 2010;
Moreno-Lopez et al., 2011). The intraterminal cascade required for this NO-mediated mechanical eﬀect sequentially involve sustained activation of
the soluble guanylyl cyclase (sGC)/protein kinase G (PKG) pathway and RhoA/Rho kinase (ROCK) signaling. In parallel to its paracrine action on
presynaptic terminals, persistent synthesis of NO may also exert autocrine eﬀects which contribute to increasing intrinsic excitability of axotomized
motoneurons. Autocrine signaling by chronic NO leads to the suppression of background K+ currents carried by TASK-like pH-sensitive channels
via a cGMP/PKG-dependent mechanism (orange solid lines with arrowheads; Gonzalez-Forero et al., 2007), which could involve downstream
regulation of channel gene or protein expression, modulation of its assembly, traﬃcking or targeting and/or covalent modiﬁcations of the channel
protein (orange dashed lines with bars) as possible eﬀector mechanisms.
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is much more eﬀective, but they are modiﬁed to minimize
the biohazard. Experimentally modiﬁed viral vectors also
have low toxicity, which means minimal unwanted eﬀects
on the physiology and viability of the transduced cells.
Adenoviruses (AVVs) enter the nucleus but do not repli-
cate, remaining as extrachromosomal double-stranded
DNA molecules. As many diﬀerentiated cells in the brain
lack the capability to divide, AVVs are acquiring increas-
ing popularity in gene therapy applications because they
can transduce non-dividing cells (Sunico and Moreno-
Lopez, 2011).
We have used AVVs and LVVs to study the function of
nNOS in functional events occurring at the central
(motoneuron perikarya) level after the severe crushing
of a motor nerve in adult rats. Replication-deﬁcient
recombinant AVVs, directing the expression of nNOS
under the control of the human cytomegalovirus (hCMV)
promoter, were injected into the tongue to retrogradely
transduce HMNs. Ratiometric confocal imaging of a
NO-sensitive ﬂuorescent probe showed that glutamate-
induced activation of AVV-nNOS-transduced HMNs
leads to eﬀective NO synthesis in nNOS-transfected
motoneurons, in slices from neonatal pups that were
previously injected with AVVs into the tongue.
Experimental procedures indicated that NO released
from glutamate-activated HMNs formed a clear gradient
in the brain tissue with an estimated space constant of
12.3 lm (Montero et al., 2010). Previously reported sig-
naling distances for NO range from only a few to
200 lm (Wood and Garthwaite, 1994; Hall and
Garthwaite, 2006; Tornieri and Rehder, 2007; Steinert
et al., 2008; Artinian et al., 2010). Since our estimation
was based on NO-sensitive dye, but not the NO-mediated
functional response in target structures, diﬀerences
between studies could be mainly explained by the sensi-
tivity of the assay, or possible disparities in the NO degra-
dation rate under diﬀerent experimental conditions and
tissues. Nevertheless, HMNs retrogradely transduced
with nNOS expressed a functional enzyme that synthe-
sizes NO in response to glutamatergic stimulation, which
can then be assessed as a new source of NO. In turn, this
should inﬂuence the membrane and synaptic properties of
transduced and neighboring HMNs.
At 5–7 days after AVV-nNOS microinjection into the
HN, the pattern of functional changes was
indistinguishable from the set of eﬀects observed after
mechanical trauma to HMN axons (described above). In
summary, nNOS transduction slowed conduction
velocities of motor axons, decreased baseline discharge
activity of HMNs, reduced motoneuron sensitivity to
chemoreceptor-modulated inspiratory drive and
recruitment thresholds, and modiﬁed the recruitment
scheme of the motor units. To a large extent, these
resembled the changes induced by axonal injury.
Electrophysiological alterations were all prevented by
systemic administration of 7-NI, ODQ, or local
intranuclear microinjection of LVV-shRNA/nNOS. These
functional outcomes paralleled the impairment in the
synaptic coverage of transfected motoneurons. In
addition, synaptic stripping induced by nNOS was fullyavoided by lentiviral injection (Montero et al., 2010).
Therefore, conclusive evidence exists for the causative
role of nNOS dysregulation and of the electrophysiologi-
cal and synaptic changes occurring in injured
motoneurons.
Another methodology adopted to analyze the eﬀects
of NO on the functional properties of HMNs is the
exogenous application of a NO donor. We have shown
that acute (10 min) bath application of a NONOate
depolarizes Vm and decreases Ith in neonatal HMNs,
without parallel alterations in RN or frequency-current
slope. These alterations were prevented by co-addition
of sGC inhibitor, which points to a cGMP-mediated
NO modulation of motoneuron intrinsic properties
(Gonza´lez-Forero et al., 2007; Montero et al., 2008;
Wenker et al., 2012). Similarly fast action of the NO/
cGMP pathway on intrinsic excitability has been previ-
ously reported for the trigeminal motoneurons (Abudara
et al., 2002) and other neuronal types in the CNS (Bains
and Ferguson, 1997; Shaw et al., 1999; Yang and
Hatton, 1999; Pose et al., 2003; Wang et al., 2007;
Tozer et al., 2012). However, acute expositions to NO
donors do not exactly resemble the conditions at which
motoneurons are exposed after axotomy. Even in the
lesioned state, HMNs are characterized by an uninter-
rupted inspiratory-related activity driven by glutamatergic
inputs (Wang et al., 2002; Gonza´lez-Forero et al.,
2004). Therefore, it could be expected that under these
conditions nNOS will be persistently activated to continu-
ously produce NO, leading perhaps to even more pro-
found alterations in neuronal excitability. In agreement
with this hypothesis, chronic (>4 h) incubations with a
NONOate induced additional increases in RN and fre-
quency-current slope in a synaptic-independent way
(Gonza´lez-Forero et al., 2007). Similar conclusions could
be reached from previous studies in cerebellar and striatal
neurons, in which NOS or sGC inhibitors caused hyperpo-
larization and decreases in RN (Wall, 2003; West and
Grace, 2004). Evidence indicates that acute NO exposure
depolarized Vm of brainstem motoneurons without corre-
sponding changes in RN, suggesting that NO aﬀects mul-
tiple channels with oﬀsetting eﬀects on net whole-cell
conductance (Gonza´lez-Forero et al., 2007; Montero
et al., 2010; Wenker et al., 2012).
Strikingly, when HMNs were transduced with
transgenic nNOS, their sensitivity to the chemoreceptor-
modulated inspiratory drive is dramatically decreased,
an alteration that was equivalent to the eﬀects of
crushing on motoneuron sensitivity to its aﬀerent drive.
These ﬁndings suggest that nNOS transgene-derived
NO is ‘‘suﬃcient’’ to activate the molecular processes
that lead to a decrease in motoneuron sensitivity to their
aﬀerent inputs.
Also of note, transduction of adult HMNs with nNOS
induced a selective detachment of excitatory synapses.
Paradoxically, the array of inhibitory boutons apposed to
HMNs remained unaltered (Sunico et al., 2010). Thus,
nNOS transfection mimicked the eﬀect of axonal injury
on the synaptic coverage of HMNs (Sumner, 1975). Addi-
tionally, slices chronically incubated with the NONOate
DETA/NO induced a strong decrease in the density of
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Altogether, these ﬁndings strongly indicate that gain in
neuronal NO signaling is ‘‘suﬃcient’’ to induce synapse
detachment in adult and neonatal motoneurons. The
NO-induced loss of excitatory inputs is the most likely ori-
gin of drastic decrease in chemoreceptor-modulated
inspiratory drive of adult nNOS-transduced or axotomized
HMNs. Synapse loss induced in neonatal slices by
long-term incubation with DETA/NO was prevented by
co-incubation with a sGC inhibitor or a speciﬁc PKG
inhibitor, thereby involving the cGMP/PKG pathway in
NO-induced synapse destabilization. These data agree
with previous studies that implicated cGMP/PKG in medi-
ating collapse responses in retinal and ganglionar growth
cones to ephrin-B1 and Semaphorin 3A, respectively
(Dontchev and Letourneau, 2002; Mann et al., 2003).
At this point, it is interesting to note that both nNOS-
transduced and axotomized HMNs exhibited similar
alterations in axonal conduction properties and ﬁring
rate at basal conditions of ETCO2. However, transduction
with LVV-shRNA/nNOS was unable to protect against
these changes. It is questionable whether other
NO-synthesizing sources not targeted by LVV-shRNA/
nNOS, such as iNOS and/or eNOS, are responsible for
the persistence of the aforementioned eﬀects. First, if
this were the case, we would expect similar alterations
in intact animals receiving AVV and LVV central
injections, an eﬀect that was not observed. Accordingly,
iNOS up-regulation was not detected by immuno-
histochemistry in the HN after XIIth nerve crushing
(Sunico et al., 2005). Further evidence supports that
eNOS is neither upregulated in lumbar neurons nor
involved in motoneuron degeneration after nerve injury
(Martin et al., 2005; Rogerio et al., 2006). On the other
hand, the LVV system results in approximately 50%
reduction of the nNOS protein as measured by Western
blotting (Montero et al., 2010). Residual nNOS expression
after LVV injection could explain both the prevalence of
changes aﬀecting axonal conduction and basal discharge
activity and the only partially preventive action against
synapse reduction. It is well established that NO can
mediate physiological or pathological actions across a
wide range of concentrations from the nanomolar to the
micromolar range (Malinski et al., 1993; Bellamy et al.,
2002; Wang et al., 2006; Steinert et al., 2010). Therefore,
it is possible that pathological upregulation of nNOS after
nerve injury leads to generation of micromolar concentra-
tions of NO that aﬀect NO-sensitive synapses and the
aﬀerent drive they provide (Sunico et al., 2010). However,
when nNOS is downregulated by LVV-shRNA/nNOS
injection, residual amounts of NO might exert their eﬀect
only on the more sensitive ionic and synaptic mechanisms
(Ahern et al., 2002; Wang et al., 2007; Montero et al.,
2008; Sunico et al., 2010).
Data presented so far strongly support that NO,
synthesized by de novo expressed nNOS in adult
axotomized motoneurons, is not only ‘‘necessary’’ but
also ‘‘suﬃcient’’ to trigger molecular cascades leading to
a series of functional alterations in motoneurons, which
are underlined by changes in the intrinsic membrane
properties and synapse array of motoneurons.
Therefore, it can be assumed that induced NOsynthesis is central in the shift from an ‘‘operational’’ to
a ‘‘regenerative’’ state after axotomy.
MECHANISMS DOWNSTREAM OF DE NOVO NO
SYNTHESIS THAT MEDIATE FUNCTIONAL
ALTERATIONS AT INJURED MOTONEURONS
So far, it is well documented that NO synthesized by de
novo-induced nNOS seems to be essential for the
reversion of adult injured motoneurons toward a
dediﬀerentiated-like status. Here we have identiﬁed that
these alterations are supported by NO-induced
adjustment of basic attributes delimiting the electrical
behavior of motoneurons, such as their intrinsic
membrane excitability and synaptic coverage. Next, we
will review feasible molecular mechanisms by which
new synthesis of this gas might modulate these
parameters.
NO-targeted currents underlying changes in intrinsic
membrane properties
As described above, axonal transection induces similar
alterations in electrical properties of spinal and cranial
motoneurons that jointly lead to a pronounced increase
in intrinsic excitability, thereby facilitating spike
generation. Consequently, ﬁne-tuning of
electrophysiological attributes of injured motoneurons is
linked to changes in the expression, function, density,
and surface distribution of certain leak and voltage-
gated ion channels. NO might modulate intrinsic
excitability through PKG activation and/or S-nitrosylation
of multiple channel proteins leading to modulation of a
considerable number of diﬀerent ionic currents (Ahern
et al., 2002).
In particular, modulation of background K+ currents is
primary in determining resting Vm and RN. The KCNK
family of two-pore-domain K+ channels plays a main
role in control of both variables in mammalian cells
(Bayliss et al., 2003). Speciﬁcally, the TASK-1 and
TASK-3 subunits are highly expressed in motoneurons
(Talley et al., 2001). Whole-cell recordings from motoneu-
rons in our lab showed that continuous (>4 h), but not
transient (10 min), incubation with a NONOate
increased RN of HMNs, induced a severe loss of sensitiv-
ity to pH variations, and inhibited a background current
with features of TASK-like conductances. This nearly full
blockade of TASK-like K+ currents was mimicked by a
membrane-permeable cGMP analog and was prevented
by co-addition of a PKG inhibitor. Thus, chronic, but not
acute, activation of the NO/cGMP/PKG pathway leads
to a pronounced increase in intrinsic excitability by the
inhibition of TASK-like pH-sensitive ‘‘leak’’ K+ currents
(Gonza´lez-Forero et al., 2007). These results, along with
changes in the recruitment pattern of the lesioned pool,
still leave open the possibility that a similar modulatory
action by NO on intrinsic excitability could take place in
adult injured motoneurons. Evidence supporting the
hypothesis that endogenous NO may modulate excitabil-
ity of HMNs after axonal injury comes from three ﬁndings:
(1) pH sensitivity of neonatal HMNs was greatly reduced
after nerve injury; (2) chronic administration of nNOS or
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thresholds induced by nerve crushing in lesioned HMNs;
and (3) administration of nNOS inhibitors to adult animals
at 7 days after nerve crushing produces a long-
latency decrease (2 h) in the ratio between the injured
and intact whole-nerve activities, indicating the activation
of an NO-induced long-term mechanism that maintains an
increased basal activity in injured HMNs in vivo
(Gonza´lez-Forero et al., 2007).
On the contrary, brief NO/cGMP exposure evoked Vm
depolarization, but lacked eﬀects on RN in hypoglossal
and trigeminal motoneurons (Abudara et al., 2002;
Gonza´lez-Forero et al., 2007). Depolarization induced
by acute NO incubations occurred even in an acidiﬁed
extracellular solution, which almost completely inhibits
TASK-mediated conductance (Berg et al., 2004;
Gonza´lez-Forero et al., 2007). There is evidence that
NO can activate hyperpolarization-activated cyclic nucle-
otide-gated (HCN) channels to increase inward-directed
Ih, a mixed cationic current carried by Na
+ and K+
(Musialek et al., 1997; Rekling et al., 2000; Wilson and
Garthwaite, 2010). Accordingly, a NO donor increased Ih
in cranial motoneurons (Abudara et al., 2002; Montero
et al., 2008). The stimulatory eﬀect of the NO/cGMP path-
way on Ih current in the substantia gelatinosa neurons has
also been postulated to underpin central sensitization
after peripheral nerve injury or inﬂammation (Kim et al.,
2005). Therefore, a feasible action of NO facilitating the
Ih current and inhibiting TASK currents could induce both
membrane depolarization and opposite actions on RN,
thus masking any apparent change in RN. In agreement
with this idea, NO has been proposed to activate HMNs
by cGMP-dependent inhibition of a TASK-like current
and by S-nitrosylation-dependent activation of Ih
(Wenker et al., 2012), although the authors could not
exclude the contribution of inward-rectifying K+ (Kir)
channels in addition to TASK in NO modulation of HMNs.
Additionally, NO-induced Vm depolarization observed
in motoneurons might be attributed to an increase in
persistent Na+ currents, which has a profound impact
on membrane excitability and has been linked to
spontaneous spiking, rhythmicity, and plateau potentials
(Ahern et al., 2002). The NO-mediated activation of this
conductance occurs through S-nitrosylation of the Na+
channel (Ahern et al., 2002). The presence of a
Na+-dependent persistent current has been demonstrated
in motoneurons (Nishimura et al., 1989; Chandler et al.,
1994) and therefore could be responsible for NO-induced
cGMP-independent changes in motoneuron excitability.
The ubiquitous Ca2+-activated K+ currents are also
important contributors to the resting membrane potential
(Rekling et al., 2000). However, their involvement in
NO-induced alterations in intrinsic excitability is controver-
sial. Although NO donors activate Ca2+-dependent K+
channels in excised patches of myocytes (Lang et al.,
2000), they also modulate neuronal excitability by inhibi-
tion of two types of Ca2+-activated K+ channels in the
Helisoma bucal motoneuron B19 (Zhong et al., 2013).
Whether NO modulation of these outward-directed K+
currents underlies alterations of membrane properties in
axotomized motoneurons merits investigation.Finally, NO activates ATP-sensitive K+ (KATP)
channels in sensory neurons by S-nitrosylation (Kawano
et al., 2009). The capacity of NO to activate KATP chan-
nels via this mechanism remains intact even after spinal
nerve ligation (Kawano et al., 2009). In HMNs, however,
expression of these channels is reduced (Pierreﬁche
et al., 1997), which suggests that their modulation by
NO after axotomy might have only a minor inﬂuence on
intrinsic excitability.
In summary, the available evidence suggests that
induced NO operating through diverse molecular
pathways and aﬀecting diﬀerent ionic mechanisms could
have a key role in increasing the intrinsic excitability of
injured motoneurons. The underlying molecular
mechanisms could mainly involve NO-directed inhibition
of TASK-like ‘‘leak’’ K+ currents in a cGMP/PKG-
dependent manner (Fig. 3) and activation of the
inward-directed cationic (Na+ and K+) Ih current by
S-nitrosylation. Further studies focused on motoneurons
are needed to evaluate the contribution of other possible
ionic channels targeted by NO.Molecular mechanisms for NO-directed synaptic
rearrangement of injured motoneurons
Synaptic disturbance, rather than neuronal death, is the
main factor responsible for the age-related decline in
neuronal function and cognitive alterations occurring in
diverse neuropathological conditions (Wishart et al.,
2006; Bagetta et al., 2010; Milnerwood and Raymond,
2010; Morrison and Baxter, 2012; Pienaar et al., 2012;
Mota et al., 2013). Synapse loss also happens in several
motor maladies, including amyotrophic lateral sclerosis,
progressive muscular atrophy, and following traumatic
injury of motor axons (Sunico et al., 2005, 2010, 2011;
Montero et al., 2010; Moreno-Lopez et al., 2011). As
reviewed above, de novo expression of nNOS is ‘‘suﬃ-
cient’’ to induce withdrawal of synaptic boutons from
motoneurons. However, not all synapses around injured
and/or de novo nNOS-expressing motoneurons are
aﬀected. Characterization of the NO/cGMP/PKG-stimu-
lated molecular mechanisms for synaptic detachment
could clarify why some boutons are potential targets to
be lost and their nearby synapses are not. Both autocrine
and paracrine signaling mechanisms could be involved in
NO/cGMP/PKG-directed, selective dismantling of syn-
apses from injured motoneurons (Moreno-Lopez et al.,
2011). In a series of related publications, we have
reported that NO acts as an antisynaptotrophic and
synaptotoxic agent. Signaling by NO might couple the
muscle-derived trophic disruption and synaptic stripping
undergone by axotomized motoneurons.
Additional molecules involved in the cascade of
events induced by axotomy participate jointly with the
NO/cGMP/PKG pathway in the control of bouton
dynamics. An autocrine mechanism downstream of the
NO/cGMP/PKG cascade acting at the post-synaptic
counterpart of the synapse and involved in the
detachment of excitatory synapses from injured
motoneurons was proposed previously (Moreno-Lopez
and Gonza´lez-Forero, 2006). Along this same line, BDNF
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target-derived synaptotrophin that is postsynaptically syn-
thesized and released in an activity-dependent way. Sev-
eral lines of evidence support an interaction between NO/
cGMP/PKG and BDNF that contributes to excitatory input
loss in axotomized motoneurons: (i) NO-induced growth
cone collapse and axon retraction of developing retinal
axons by actin ﬁlament (F-actin) depolymerization was
blocked by pretreatment with BDNF, but not with NGF
or NT-3, which stabilizes F-actin (Ernst et al., 2000;
Gallo et al., 2002); (ii) BDNF and its receptor TrkB are
expressed by motoneurons and are upregulated after
nerve injury (Kobayashi et al., 1996); (iii) they promote
axon arborization and synapse formation during develop-
ment and modulate the structural dynamics of excitatory
synaptic endings (Novikov et al., 2000; Alsina et al.,
2001); (iv) NO and BDNF each control the production
and activity of the other at the level of individual synapses
(Xiong et al., 1999; Chen et al., 2005); (v) NO and BDNF
seem to operate in series in retrograde communication
from postsynaptic to presynaptic counterparts in inactiv-
ity-induced homeostatic adaptation at synapses between
cultured hippocampal neurons, which includes a postsyn-
aptically induced upregulation of presynaptic function
(Lindskog et al., 2010); and (vi) the NO/cGMP pathway
inhibits BDNF secretion by a PKG-mediated mechanism
in cultured hippocampal neurons (Canossa et al., 2002).
Under the premise that synapse stability requires a
constant supply of target-derived trophic signals, in the
case of injured motoneurons this trophic support
could be destabilized in a manner dependent on the
NO/BDNF ratio (Moreno-Lopez and Gonza´lez-Forero,
2006). We proposed a model by which autocrine action
of de novo nNOS-synthesized NO acts as an ‘‘antisyna-
ptotrophic’’ factor for excitatory synapses on injured moto-
neurons. BDNF-containing secretory vesicles are
accumulated postsynaptically at or near glutamatergic
synaptic contacts. Ca2+-dependent secretion of BDNF
provides trophic support to boutons, acting as a retro-
grade/paracrine messenger through TrkB receptors at
the axon terminal, which in turn stabilizes the cytoskele-
ton to keep synaptic endings in place. Axonal injury
induces multiple changes, including synthesis of new
products or alteration of pre-existing molecules that can
compromise synapse stability. De novo synthesis of NO
after motor nerve injury inhibits BDNF secretion in a
cGMP/PKG-dependent way, and BDNF-mediated stabil-
ization of the cytoskeleton at the presynaptic terminal is
then diminished or absent, favoring synapse destabiliza-
tion and detachment. However, whether this postsynaptic
action of the NO/cGMP/PKG cascade is necessary to
induce synaptic detachment from injured motoneurons
remains to be elucidated.
On the other hand, NO also acts as an essential
synaptotoxic retrograde signal that triggers a series of
molecular presynaptic mechanisms favoring and/or
leading to the loss of excitatory synapses at injured
motoneurons (Fig. 3; Sunico et al., 2010; Moreno-Lopez
et al., 2011). This paracrine NO action is necessary to
induce retraction of neighboring synapses if these
express the proper molecular machinery, which could
explain why not all synapses are lost aroundnNOS-expressing motoneurons in pathological condi-
tions. This pathway involves paracrine activation of the
sGC/PKG pathway by NO within presynaptic terminals.
Subsequently, PKG likely stimulates the small Rho
GTPase RhoA, and subsequently its main eﬀector Rho
kinase (ROCK), by protecting the active form of RhoA
via phosphorylation from ubiquitin-mediated proteasomal
degradation (Rolli-Derkinderen et al., 2005). However,
the possibility that NO/cGMP/PKG pathway regulates
the function and/or expression levels of the RhoA activity
regulators cannot be excluded (Gallo, 2004; John et al.,
2007; Priviero et al., 2010). In any case, net ROCK activa-
tion results in phosphorylation of myosin light chain
(p-MLC) by a direct action on MLC and/or by inhibition
of MLC phosphatase. p-MLC, as a regulatory factor,
favors actomyosin contraction by interaction of myosin II
ﬁbers with the criss-cross F-actin ﬁbers, forcing them to
form actin bundles (Svitkina et al., 1997). F-actin also
undergoes retrograde transport and accumulates in the
myosin II-enriched central portion, resulting in increased
actomyosin contraction. This mechanism can be syner-
gistic with other NO-mediated alterations that induce
F-actin depolymerization or S-nitrosylation of microtu-
bule-associated protein 1B, which participates in
NO-induced axon retraction in vivo (Stroissnigg et al.,
2007). Intercellular NO signaling from the lesioned
motoneuron thus meets the criteria to be considered as
a punishment signal selective for excitatory inputs.
Integration of autocrine (antisynaptotrophic) and
paracrine (synaptotoxic) NO-mediated actions could
contribute to axon retraction by microtubule
reconﬁguration, leading to the formation of sinusoidal
bends in the microtubular array. The formation of
curvatures in the axonal array, together with actomyosin
contraction, could set up the mechanical basis for force-
mediated axon retraction and synaptic withdrawal (Gallo
and Letourneau, 2004). Therefore, synaptic endings
expressing the sGC/PKG-RhoA/ROCK enzymatic
machinery could be NO targeted for withdrawal from axo-
tomized motoneurons. This might explain why motoneu-
rons from diﬀerent embryonic origins or diﬀerent species
exhibit stripping responses that are diﬀerent not only in
magnitude but also in relation to the subgroup of inputs
mainly aﬀected.
As aforementioned, axotomy induces a rapid
downregulation of the mRNAs encoding for the CAMs
neuroligin-2, neuroligin-3, netrin G-2 ligand, netrin G-3
ligand, and SynCAM1 in motoneurons. Although a
relationship between NO and deregulation of these
speciﬁc CAMs has not been reported, NO acts as a
downstream signal of NMDA receptor activation,
modulating PSA–NCAM expression in adult brainstem
and hippocampal synapses (Bouzioukh et al., 2001;
Park et al., 2004). Molecules anchoring presynaptic to
postsynaptic elements, such as CAMs, maintain synaptic
membranes in close apposition at mature synapses.
Activity-dependent change of NCAM to the less adhesive
conﬁguration of PSA–NCAM, conﬁned to pre- and
postsynaptic sites, could weaken the adhesive force
to keep both sides in place (Muller et al., 1996;
Schuster et al., 1998; Seki and Arai, 1999; Uryu et al.,
1999).
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set of immune recognition and signaling molecules in the
removal of synaptic endings from axotomized
motoneurons (discussed in ‘Removal of central synaptic
inputs to motoneurons following axotomy’ section). One
of these molecules, MHC-I, might be another feasible
partner in NO-induced synaptic loss. MHC-I molecules
are important for synaptic elimination during normal
development and also for the selective maintenance of
a surplus of inhibitory synapses in axotomized
motoneurons (Huh et al., 2000; Oliveira et al., 2004). In
this context, iNOS knockout mice displayed signiﬁcantly
reduced expression of MHC-I after nerve lesion and
greater synaptic elimination after peripheral axotomy
(Emirandetti et al., 2010). These ﬁndings raise the possi-
bility that NO may regulate expression of some of these
immune molecules, acting as a partner in the synaptic
remodeling processes that occur in motor pathologies.CONCLUSIONS
Motoneuron axotomy model in adulthood is a well-
characterized injury paradigm which has been
extensively used for studying both, axonal regeneration
mechanisms at peripheral level and plastic processes
within the CNS. Although our knowledge about the
changes associated with the central retrograde
response has been considerably expanded, in many
cases understanding has not progressed beyond the
descriptive level. Motoneurons respond to axonal
damage with an intense cell body reaction that reﬂects
transition from a mature fully diﬀerentiated state into a
growing state. This dediﬀerentiation is governed by a
shift in the gene program that involves inactivation of
genes required for the expression of the normal adult
phenotype and de-repression and/or activation of genes
conserved in a repressed form in the mature state,
which are important for survival and regeneration.
Currently, we know that this reprograming is initiated
and maintained by at least two diﬀerent types of
signaling events emanating from the periphery:
deprivation of target-derived trophic factors and
production of ‘‘growth-associated’’ triggering factors by
periaxonal non-neuronal cells. The lesion-induced state-
switch undergone by axotomized motoneurons is
accompanied by changes in protein synthesis,
metabolism, morphology, and electrical or chemical
signaling functions. Besides stimulating axonal growth
capacity, the products of the gene expression response
also promote elimination of a large number of aﬀerent
synaptic contacts and a marked increase in intrinsic
membrane excitability, which are two of the more
characteristic hallmarks of the retrograde reaction in
motoneurons. Although expression of these changes is
consistent with the axotomy-induced transition toward a
phenotypically dediﬀerentiated stage, their functional
signiﬁcance remains unclear. There are, likewise, many
fundamental questions that remain to be addressed
regarding the cellular and molecular mechanisms behind
each of these responses. The free radical NO, which is
de novo synthesized by axotomized motoneurons, hasemerged over the past few years as a key signaling
molecule involved in both, the synaptic stripping process
and the sustained increase in intrinsic excitability
(Fig. 3). Its role as master regulator of these changes is
exerted through a dual eﬀect that involves, on the one
hand, an intercellular retrograde action on excitatory
presynaptic terminals where it initiates a downstream
signaling cascade that stimulates the contraction of the
actomyosin apparatus and retraction of the axonal
ending and, on the other, an intracellular signaling
cascade that concludes with the downregulation of an
important component of the resting leak current (Fig. 3).
These NO-mediated pathways exemplify how a sole
signaling molecule may orchestrate the expression of
changes that are apparently opposite in their eﬀects but
likely complementary in functional signiﬁcance. This kind
of regulation allows the motoneuron to increase its
intrinsic excitability, while at the same time scaling
down excitatory synaptic strength which could provide a
mechanism for normalizing the balance between
amount of aﬀerent drive and postsynaptic
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